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ABSTRACT
Gas turbine combustors are subject to multiple sources of variability. Significant
deviations in manufacturing and assembly as well as operating conditions can result in
noticeable changes in combustor performance. Developing a better understanding of
these effects can assist in creating more robust combustor designs and reducing
subsequent variability costs.
The study conducted here combines probabilistic analysis techniques, combustor
chemical kinetics and network flow analysis to assess effects that deterministic analyses
alone are insufficient to capture. Two performance parameters, combustor NOx and
efficiency, were calculated by propagating uncertainties in geometry and operation using
the combined model. Design optimization techniques were also employed to suggest
more robust combustor configurations.
The results show that the mean performance, in efficiency and NOx, in the
presence of noise is significantly different in rich and lean fuel conditions from
stoichiometric conditions. In the lean conditions, sensitivity is high for the primary
burning zone variables. In the rich conditions, sensitivity to noise and their interaction
effects is high in both the primary and secondary burning zone variables. In addition,
probabilistic optimization of the two performance parameters resulted in a more robust
solution than deterministic optimization.
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Chapter 1
Introduction
Demands on quality, reliability, and cost in gas turbine engines have made the
development of more robust designs necessary to compete in the industry today. While
engine performance is typically satisfactory under nominal design conditions, small
deviations in geometry or operation can lead to unacceptable fluctuations in performance.
The objective of robust design is to consider the sensitivity to variability as an integral
part of the design process.
In the past, due to the complexity of gas turbine engines and limited resources,
manufacturers have been unable to conduct the parametric analyses needed for robust
design. However, improved computational methods and capabilities have opened a
channel for new explorations. Currently, robust design is being investigated for different
areas of the gas turbine engine such as compressor blade variations', thermodynamic
cycle performance2 , and secondary flow design and turbine wheel life. The study
conducted here examines a robust design methodology applied to combustors.
' Garzon, V., Dannofal, D., "Using Computational Fluid Dynamics in Probabilistic Engineering Design,"
AIAA Computational Fluid Dynamics Conference, 15th, Anaheim, CA, June 11-14, 2001, AIAA Paper
2001-2526.
2 Mavris, D., Roth, B., "A Method for Probabilistic Sensitivity Analysis of Commercial Aircraft Engines,"
7
1.1 Variability in Combustors
In the combustion system of gas turbine engines, air is diffused before entering
the combustor. The air is then distributed throughout the length of the combustor by
various orifices or holes. Simultaneously, fuel is mixed with the air and burned.
Typically, most of the fuel is burned towards the front end of the combustor and then the
combustion gases are diluted and cooled with additional air before entering the turbine.
The area in which most of the burning takes place is called the primary zone. The
subsequent areas where more air is added and the temperature is reduced are called
dilution zones. The definition of these zones varies by design and application. The overall
system is designed to deliver near uniform flow into the combustor, to complete efficient
and stable burning in the combustor, and to provide a desired temperature and chemical
distribution in the flow exiting the combustor. Efficient and stable burning is necessary to
provide sufficient energy to power the engine; while control of exit flow temperature and
composition are necessary for downstream component durability and environmental
compliance. However, due to the range of operating conditions and manufacturing
variations, many systems deviate from design predictions and expected performance.
Some of the causes for these variations in the combustion system performance
have been found both numerically and experimentally to be:
1. Compressor blade wake formation and unsteadiness
2. Outer guide vane boundary layer separation and blockage
3. Fuel injector/Igniter blockage
4. Improper fuel and air mixedness/Fuel flow variation
5. Combustor manufacturing variation
International Society for Air Breathing Engines - ISOABE, ISABE - International Symposium on Air
Breathing Engines, 14th, Florence, Italy, Sept. 5-10, 1999
3 Stevens, S.J., Harasgama, S.P., "The Influence of Blade Wakes on the Performance of Combustor
Shortened Prediffusers," Journal ofAircraft, Vol. 21, No.9, September 1984, p.6 4 1-6 4 8 .
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These deviations translate into variations in inlet mass flow, inlet pressure, inlet
temperature, combustor geometry, and primary and dilution zone chemical composition.
Some of the effects of these changes include poor combustion efficiency and stability,
excessive exhaust pollutants, exit temperature variation and reduced liner integrity. The
effect of the exit temperature variation is realized through the damage of downstream
turbine components. In addition, the trends of higher turbine inlet temperatures, higher
pressure ratio compressors, and reduction in engine length for higher performing engines
have served to produce an even more hostile environment.
1.2 Robust Combustor Design
Design solutions to address these problems are usually determined through
experimental testing and correlations with previous experience and in some cases result
in notoriously tight tolerances. The tests are lengthy and expensive and are often
inconclusive because of experimental uncertainties and interdependency of both the
aerodynamics and fuel preparation. The increasing cost of the tests and manufacturing
quality coupled with the advances in computer technology have fostered interest in the
development of more efficient methods for the design and analysis of turbine engine
combustors. However, even with the development of Computational Fluid Dynamics
(CFD), combustor flows are difficult to model. Conventional CFD models can take a
number of days to run making it costly to do parametric studies for variability.
This study attempts to develop and apply a methodology that can assess some of
the manufacturing and operational variation with a significant reduction in time and cost.
Though there are several other concerns in combustor design, the scope of this project
focuses on two issues: emissions and flame stability. Both are important subjects in
combustors and tend to trade-off between each other, providing an interesting challenge
in robustness. The goal of this investigation is to identify the key drivers of variability in
combustion stability and emissions. The methods used in this study attempt to assess
combustor architectures that show improved robustness of combustion processes while
maintaining low emissions.
9
Chapter 2
Methodology
The overall methodology developed for the evaluation of robust combustors
combines several current numerical methods and theories. These methods include well-
stirred reactor theory, networked reactors, and robust probabilistic methodologies.
2.1 Chemical Kinetics
The chemical kinetics of the combustor were modeled using well-stirred reactor
theory. Well-stirred reactors have been used extensively for a variety of applications in
combustion research. It is assumed that the fluid mixing rate is much greater than
chemical reaction rates resulting in a spatially uniform chemical composition and
temperature. This allows for the chemistry to be represented by bulk properties.
Experimental NOx measurements from a premixed burner showed the PSR to be an
excellent tool for NOx predictions4.
4 Lutz, A.E. and Broadwell, J.E., "Simulation of Chemical Kinetics in Turbulent Natural Gas Combustion,"
GRI Report 92-0315, Gas Research Institute, 1994.
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The well-stirred reactor model assumes that the kinetic energy of the flow is
neglected and that the pressure is constant.
The governing equations include conservation of energy E (1) and species Y (2).
The inlet and outlet mass flow rates are assumed to be the same.
Eout Ein = Eexchangewith surroundings
Yout Yin = Yproduced (2)
A nominal residence time (T) or volume is used to characterize the flow through the
reactor:
(Volume)(Density)
MassFlowRate
The advantage of applying this well-stirred reactor method is the ability to analyze
5large chemical reaction mechanisms with small computational resources.
The well-stirred reactor properties are computed through a hybrid Newton/time-
stepping algorithm used by Chemkin 3.6 software. Initial trial runs were conducted using
methane, C2H4 , as the fuel. However, the flamability properties of methane differed
significantly from the aerospace applications being simulated. Realistic combustor
stability could not be simulated. Thus, the fuel used in this analysis was switched to
propane, C3H8. The chemical mechanism used is gri mech3. 1, which is a standard
mechanism, used for aircraft gas turbine engine applications.
2.2 Network Flow Analysis
While well-stirred reactor theory cannot be applied directly to a gas turbine
combustor, combustors have been represented by a network of small reactors.6 Typical
s Turns, S.R., An Introduction to Combustion, McGraw-Hill, New York, 1996.
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systems of reactors consist of serial and parallel reactors connected by mixing regions
that allow for flow to be added. By sectioning the combustor into smaller regions, each
region can be more closely approximated by well-stirred reactor theory. Due to time
constraints and scope of this project, the thesis addressed simplified models of three, four,
and five reactors as shown in Figure 2.2.1. At each reactor, dilution air is also added
(Figure 2.2.2).
Network Model 1
- Dili t on Network Model 2
Cowl
Network Model 3
Figure 2.2.1 Network Reactor Models
The three reactor model is a good starting representation for the combustor
applications studied here since it corresponds with their initial conceptual design process
which is based on a three zone approach. The four and five reactor models provide
additional reactors to simulate more unmixedness in the combustor primary and
secondary zones.
6 Lutz, A.E. and Broadwell, J.E., "Simulation of Chemical Kinetics in Turbulent Natural Gas Combustion,"
GRI Report 92-0315, Gas Research Institute, 1994.
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Figure 2.2.2 Network Model Variables
2.2.1 Governing Equations
The individual reactors are governed by well-stirred reactor theory stated in
section 2.1. Mixing regions assume complete mixing and are averaged based on the
following:
total 1 2
Cpavg itotal avg = 1 p,2ii +Tcrith2
Where Cp,avg and Tavg are iterated until convergence is achieved.
Ykl - Y1 Mr + Yk,2 M2k~total ~
m1+±m 2
Where Yk is Mass Fraction for each species k
th is Mass Flow Rate
T is Temperature
cpavg is Specific Heat at Constant Pressure
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2.2.2 Boundary Conditions
The modeling conditions examined are typical of a small gas turbine power
engine combustor and are approximately based on conditions provided by Hamilton
Sundstrand for their smaller APUs. The conditions analyzed are for two design
conditions, full-load (full power condition) and no load (idle condition). The conditions
are listed in Table 2.2.2.1
Table 2.2.2.1 Design Conditions Used in the Network Models
Condition Value
Inlet Temperature (K) 426
Inlet Pressure (atm) 4
Total Volume (cm3) 2200
No-Load
Condition Value
Total Mass Flow (kg/s) 1500
Overall Equivalence Ratio .11
Full-Load
Condition Value
Total Mass Flow (kg/s) 1200
Overall Equivalence Ratio .27
Noise conditions are based on percentage of nominal value from a range of 2% to
8% and are assumed to be normal distributions. For example, 6% noise is represented by
6% standard deviation (a) on all variables. Those with a direct effect on overall power
include inlet temperature, inlet pressure, mass flow, and fuel flow (in the form of
equivalence ratio). Fuel is injected into the primary zone reactors and diluted in the
subsequent reactors. Surface reactions are not included in the analysis and heat loss is
14
assumed to be negligible. These network models do not account for turbulence effects
and liner durability issues (film cooling and heat loss).
2.2.3 Methodology Verification
After applying the conditions provided by Hamilton Sundstrand, the initial study
compared model results for verification. Since this study focused on the areas of stability
and emissions, the initial trials, using the lowest fidelity model (3 reactors), aimed at
verifying the trends associated with these performance parameters. First the extent to
which overall equivalence ratios are consistent with actual applications was assessed. The
results of these simulations are shown in Figure 2.2.3.1. These results were compared
with data provided from Hamilton Sundstrand and confirmed to be consistent. This is
shown in Figure 2.2.3.2. Second, efficiency and NOx were shown to be on the same order
of magnitude as actual applications.
1 -
0.990
0.98
0.97
0.96
n or,
Multiple Reactor System
is More Representative
of Current Combustors -_ -
Single Reactor -
System
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Equivalence Ratio
Figure 2.2.3.1 Combustor Network Verification
Noise verification used a typical range of exit temperatures for full load operation
to calibrate the noise range. Results showed a 6% noise variation to correspond to the
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temperature range (Figure 2.2.3.3). Manufacturing measurements and surveys are also
consistent with this tolerance.
Stability Scatterplot
0.2
0.18
0.16
0.14
0.12
0.1
0.08
0.06
0.04
0.02
0-
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08
Loading Parameter
Figure 2.2.3.2 Combustor Network Verification - Stability with Noise
Raw Data Correlations 6%- Exit Temp
Primary Zone Range - .8 and 1.4
1350
1300
1250
1200
1150
1100
Max Experimental Exit Temp
Simulated Analytical Distribution
-
Max Experimental Exit Temp
0.32 0.34 0.36 0.380.3
Overall Equivalence Ratio
Figure 2.2.3.3 Combustor Network Verification - Exit Temperature with 6%Noise
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2.3 Probabilistic Methodology
To examine the impact of uncertainty on the combustor performance, standard
probabilistic tools were used. Probabilistic uncertainties were calculated based on Monte
Carlo simulations and linear regression techniques. The optimization techniques
employed included DOE, Taguchi 7, Response Surface Methodologies (RSM)8 , and One-
at-a-Time Strategies9 . All of these methods seek to improve quality and reduce cost by
reducing variance and increasing robustness. These strategies are briefly described below.
Although several other techniques such as Fast Probability Integration and Neural
Networks 0 may be used for higher order fidelity, the response surface was used here as a
first study.
2.3.1 Design of Experiments
The design of experiment techniques applied here, analyzed by linear regression
and response surface methodologies, include full factorial designs, orthogonal arrays, and
one-at-a-time strategy. RSM seeks to use resources as efficiently as possible. These
techniques also are intended to look at relationships between the input variables and
output variables as well as the input variables among themselves.
2.3.1.1 Full Factorial Design of Experiments
A full factorial design looks at all the possible combinations of the predefined
levels of the input variables. Thus, for two levels of each variable the number of
combinations is 2k, where k is the number of input variables. For three levels, the number
is 3k and so on. Two levels are used for main effects and interactions while three levels
7 Wu, Y., Taguchi Methodsfor Robust Design, ASME Press, Michigan, 2000.
8 Myers, R.H., Response Surface Methodology: Process and Product Optimization Using Designed
Experiments, John Wiley & Sons, New York 2002.
9 Englehardt, F., Frey, D., "The Role of the One-Factor-At-a-Time Strategy in Robustness Improvement"
10 Scharl, J., Mavris, D., "Building Parametric and Probabilistic Dynamic Vehicle Models Using Neural
Networks," AIAA Modeling and Simulation Technologies Conference and Exhibit, Montreal, Canada,
Aug. 6-9, 2001. ALAA Paper 2001-4373.
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are for used for quadratic effects in additions to main effects. Due to the non-linear nature
of the problem being analyzed, three levels were used in all techniques. From the full
factorial designs, a response surface is created to assess the sensitivity of the variables
and attempt to determine a robust combination.
2.3.1.2 Taguchi Methods
The full factorial in many cases is unaffordable in terms of resources requiring 2k
or 3 number of iterations, where k is the number of input variables. Taguchi uses
fractional experimental designs (orthogonal arrays) that cut down on the number of
experimental runs while still trying to preserve the basic factorial structure. The fractional
designs are based on the principle that main effects dominate two-factor interactions and
the two-factor interactions dominate three factor interactions. These designs sacrifice the
ability to estimate higher-order interactions at the benefit of reducing the number of runs.
The outputs from the orthogonal arrays are then analyzed on a signal to noise basis and
optimized for robustness. However, when applied to highly coupled systems such as
those in our combustion example, these methods have poor accuracy as will be seen in
Chapter 5. In this study, the signal-to-noise (SNR) was calculated as nominal-is-best and
is described by the following equation.
S mean2SNR 10 log10 1.std deviation2
2.3.2 One-at-a-Time Optimization
The One-At-a-Time (OAT) methodology is an optimization strategy where each
control factor is changed one factor at a time. While the first factor is varied along its
range of levels, all the other factors are set at a specific level. After the first factor is set at
the optimized level, the second factor is run at its magnitude range and optimized. This is
repeated until all factors are determined and an optimal configuration is found. Thus, if
there are k factors, then there would be k treatment conditions allowing each factor to be
18
at its levels once and giving a total number of treatment combinations of (n-1)k+1, where
n is the number of levels for each factor.
The advantages of this method include reduced number of iterations and it may
provide a more accurate optimization than Taguchi Methods. This has been found
especially for highly-coupled systems." Thus, to match the highly-coupled nature of
combustor model and computing time of the model, the OAT method was applied here.
2.3.3 Monte Carlo Simulation
For each treatment combination described above, the Monte Carlo method was
used to estimate the variability of the output with respect to the input parameters. The
technique uses random sampling to generate a statistical population of variables based on
a defined probability distribution. Single observations of these populations are then
randomly propagated through the combustor network model over numerous iterations to
create distributions of the output variables. These output distributions are calculated for
each trial in the design of experiments and one-at-a-time optimization.
The Monte Carlo method typically converges with the square root of the number
of discrete point evaluations in an M-dimensional space. The more complex models are
more computationally exhaustive. The convergence is slow with respect to the number of
point evaluations, but has the advantage of being independent of the number of variables
being considered which changes for the different network models. The degree of fidelity
of the simulations will be constrained by the quality of the network model and the
number of variables examined. Normal distributions were assumed for the input
parameters. The estimated error on convergence is 2% to the mean.
2.3 Chapter Summary
In summary, a simplified network model was chosen to represent the combustor
kinetics. The operating conditions and verification of the combustor models were based
on information given by Hamilton Sundstrand Power Systems for their APU engines.
Some common robust techniques were applied to the model, which included Taguchi
" Englehardt, F., Frey, D., "The Role of the One-Factor-At-a-Time Strategy in Robustness Improvement."
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Methods (TM), Response Surface Methodology (RSM), and One-At-a-Time (OAT)
optimization. These techniques were executed using Monte Carlo simulations. As will be
seen in the results in the subsequent chapters, the Taguchi Method fails in predicting the
most robust configuration; the RSM is adequate for NOx predictions for some of the
conditions but is less accurate for stability; and the OAT method was able to predict a
robust configuration.
20
Chapter 3
Probability Distributions
This chapter examines the response of a combustion system to varying noise
conditions. Using the simplest network model (the three reactor model), normal
distributions of the input variables were propagated through the model using a Monte
Carlo simulation of the network. The output distributions of efficiency and NOx at a
given operating condition and stability at the no load condition were examined.
3.1 System Architecture Variability
The first trials elucidate the variability in efficiency and NOx distributions for
different flow architectures in the primary zone and subsequent dilution zones. For a
given operating condition, in this case an overall equivalence ratio of 0.27, several flow
configurations were examined. The fuel was assumed to be atomized in the primary zone
(first reactor) only and was assumed constant with a specified noise condition of 8%.
The primary zone equivalence ratio changed as the percent flow into the primary zone
was varied. The primary zone flow and equivalence ratio relationships are shown in
Table 3.1.
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Table 3.1 Flow Architecture Correlations
Primary Zone Equivalence Percent Flow into the
Ratio Primary Zone
0.7 40
0.9 31
1.0 28
1.1 26
1.2 24
1.35 21
3.1.1 Efficiency Distributions
The resulting efficiency distributions of the simulations are shown in Figure 3.1.
Distribution Comparison with Different Primary Zones
Efficiency with 8% Noise, Overall Equivalence Ratio =.27
0.3
0,25
0.2
0.15
01
0.05
nJI
0.92
Primary Zone
Equiv. Ratio =.7
.9
1.0
1.1
1.2
1.36
Semi-dual
peak
-A
093 0.94 0,95 096 0.97 098 0.99 1 1.01
Efficiency
Figure 3.1 Efficiency Distribution Comparison at Loaded Design Point
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The histograms of the results show a mean shift as well as a change in distribution shape
as the combustor architecture is varied for a given design point.
Examining more closely the moment characteristics of the distributions, the mean,
standard deviation and median are used to quantify the changes. The difference between
median and the mean is used as an indicator of the skew of the distribution. These trends
are shown in Figure 3.2.
Distribution Comparison with Different Primary Zones
Efficiency with 8% Noise, Overall Equivalence Ratio =.27
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Primary Zone Equivalence Ratio
Efficiency Distribution Characteristics
Point
Comparison at Loaded Design
The most efficient combustors are found in the lean primary zone configurations
as expected due to an abundant proportion of oxygen for burning. (This assumes PSR
conditions in the primary zone. In real combustors, this may not be the case due to fuel
vaporization issues.) The distributions have a slightly negative skew possibly because of
its proximity to a maximum efficiency of 1.0. Near the stoichiometric condition, the
distributions behave more like normal distributions with little skew and minimal variation
in efficiency. As the overall equivalence ratio increases beyond stoichiometric conditions,
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Figure 3.2
there is a significant increase in efficiency variability and drop in mean efficiency. This is
attributed to additional noise from secondary burning in the dilution zones due to the
increase in unburned fuel in the primary zone. The semi-dual peak indicated in Figure 3.1
(seen more closely in Figure 3.10) of the richer primary zone conditions is indicative of
the noise of secondary burning in the first dilution zone (second reactor). The magnitude
of the second peak suggests that the effect of this secondary noise is small and the
separation of the peak from the main distribution implies that secondary burning is only
affecting the lower tail of the primary zone distribution. With the removal of the
secondary reactor, the semi-dual peak disappears. It is expected that a higher fidelity
model would reduce the discreteness of the two peaks.
3.1.2 NOx Distributions
Similar results were found for emission of NOx. Figure 3.3 shows the NOx
distributions for the various flow conditions. The results are consistent with combustor
theories showing low NOx at lean conditions increasing to a maximum near
stoichiometric conditions and then reducing at rich conditions.
Distribution Comparison with Different Primary Zones
NOx with 8% Noise, Overall Equivalence Ratio =.27
0.25 -
Primary Zone
Equiv. Ratio = .7
0.2
015
0a.
0 20 40 60 801 120 140 160 180
NOX (ppm)
Figure 3.3 NOx Distribution Comparison at Loaded Design Point
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This is consistent with lean pre-mixed pre-vaporized (LPP) and rich-quench lean
burn (RQL) configurations designed in industry. The distribution characteristics are
shown in Figure 3.4.
Distribution Comparison with Different Primary Zones
NOx with 8% Noise, Overall Equivalence Ratio =.27
120 ---- Mean -'
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Figure 3.4. NOx Distribution Characteristics Comparison at Loaded Design Point
The mean curve follows the NOx trends based on flame temperatures with highest
emissions near stoichiometric equivalence ratios. The skew and standard deviation of the
lean conditions leading up to stoichiometric conditions are also consistent with flame
temperature curves except at the richer conditions where the variation increases. This is
again attributed to additional variability introduced as a result of secondary burning in the
dilution zone. The position of the peak NOx level above stoichiometric conditions is
partially due to the change in residence time as the flow conditions change.
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3.1.3 Idle Condition Variability - Stability
Various flow conditions were also tested at an idle or lean design point (no load)
with an overall equivalence ratio of 0.11. At this condition, the flow into the primary
zone ranged from 10 to 22%. Conditions higher than 22% flow resulted in unstable
systems that could not maintain a flame. The results of the simulations are shown in
Figure 3.5 through 3.7. Of those conditions that are stable, the efficiency trends match
those for the higher power condition with higher efficiency at lower equivalence ratio
(assuming PSR conditions). However, at this design condition, as the primary zone gets
too lean the efficiency begins to drop indicating that it is reaching a stability boundary.
The increase in standard deviation and positive skew (Figure 3.6) rather than negative
skew may be attributed to lean conditions where the secondary dilution zone is flaming-
out first before the primary zone flames-out completely.
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Figure 3.5 Efficiency Distribution Comparison at No-Load Design Point
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Figure 3.7 Stability Trend at No Load Design Point
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In Figure 3.7, the number of Monte Carlo samples that held a flame and
combusted divided by the total number of samples is presented as a measure of stability.
The abruptness of the boundary is clear. Near this boundary, stability has high sensitivity
to changes in the primary zone equivalence ratio.
3.1.4 Summary
" Normally distributed input noise does not result in normally distributed
performance.
" The closer the primary zone equivalence ratio is to 1.0 the more normally
distributed the performance is. In the lean and rich conditions, performance
distributions are skewed.
* In the rich primary zone conditions and extreme lean conditions, additional
variability is introduced by burning and instability in the secondary zone,
respectively.
" The stability boundary is highly sensitive to primary zone equivalence ratio
variation.
3.2 Noise Condition Variability
The next set of simulations presented are for various noise levels for a given flow
configuration and design point. Noise was varied from 2% to 8%.
3.2.1 Efficiency Distributions
The mean efficiencies remained relatively constant in the lean and near
stoichiometric primary zone conditions as shown in Figures 3.8 and 3.9. The standard
deviation and skew in efficiencies increased linearly with the increase in noise levels.
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Distribution Comparison with Different Noise Levels
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In the rich primary zone case Figure 3.10, the mean significantly decreased and
the standard deviation and skew increased non-linearly. This is expected due to
aggregation of noise from the secondary zone.
In all of the cases, the increase in noise affected both the magnitude of variation
and distribution shape.
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Figure 3.10 Efficiency Distribution Comparison at Loaded Design Point Primary
Zone Equivalence Ratio =1.35 with Noise Level Variation
3.2.2 NOx Distributions
Like the efficiency trends, the changes in the noise levels affected both the
variance and shape of the distributions (Figures 3.11-13). However, the significant
change in the rich primary zone case was not seen. Instead, the condition near
stoichiometric (Figure 3.12) had the most increase in variation and a positive increase in
skew. Its trends were non-linear and are consistent with the behavior of NOx relative to
flame temperature.
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Figure 3.11 NOx Distribution Comparison at Loaded Design Point Primary Zone
Equivalence Ratio =0.7 with Noise Level Variation
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Figure 3.13 NOx Distribution Comparison at Loaded Design Point Primary Zone
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3.2.3 Idle Condition (No-Load) Distributions - Stability
The effect of variation at conditions near the flame stability boundary is shown in
Figures 3.14 and 3.15. Figure 3.14 shows the efficiency distribution of the samples that
had burning. The change in size and shape of the distribution with respect to noise level
was found to be non-linear. At the same time, more reactors became unstable with more
variation (Figure 3.14). Due to the use of the normal distribution for the input variables,
percent unstable was also non-linear. These results indicate a high sensitivity to noise
near the stability boundary.
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3.2.4 Summary
* In this section, increasing the standard deviation of the input noise changed both
standard deviation and skew of the output distributions.
* In some configurations, noise variation did not significantly affect the mean but
mainly the variance and skew. These conditions usually corresponded to design
points where the behavior is more constant near the mean and/or where non-linear
behavior is observed more at the one tail of the input distributions. (i.e. such as
near stoichiometric conditions).
" The non-linearity found in some of the output behavior indicates a high sensitivity
to noise level and points to non-robust conditions.
* Though the stability boundary is sensitive to noise variation, this sensitivity
indicates a possible contribution for robust design methodologies.
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Chapter 4
Sensitivity Analysis
Using the linear regression and response surface methodology (RSM), the
sensitivity of efficiency and NOx are evaluated. Due to the coupled non-linear nature of
the model, a full factorial design of experiment was used to provide enough samples to
capture interaction effects. Six percent noise was applied to the inlet conditions, which
was consistent with field data (Section 2.2). The noise that was applied to the individual
reactor characteristics was calculated based on the nominal (mid-level) condition and
kept constant throughout the set of experiments. The input variables included fuel
distribution, volumes, and mass flows.
The full factorial design was applied to the three, four and five reactor models. The
three reactor model was designed to evaluate the sensitivities of combustor performance
between the primary and secondary zone by examining the variables in both the primary
zone (first reactor) and secondary zone (second reactor). The four reactor model attempts
to simulate unmixedness, areas of different equivalence ratios, in the primary zone by
having two reactors that can be varied in geometry and fuel distribution. The five reactor
model was used to examine more closely secondary zone dilution effects and the effect of
primary zone flow distribution into the secondary zone. Using linear regression of the
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response surface variables, the contributions of main and interaction effects were
calculated for both efficiency and NOx.
4.1 Primary and Secondary Zone Sensitivities
Using the three reactor model, a full factorial 34 matrix was used in the design of
experiments. The variables used in the matrix are shown in Table 4.1.1. The sensitivity
results are calculated over the range of magnitudes from low level to high level for each
variable. The matrix and raw data are shown in Appendix A.
Table 4.1.1 Three Reactor Model Full Factorial Design of Experiment Variables
* Calculated based on U/oass flow
load, respectively.
I and Uverall Equivalence Ratio of .2 7 and .11 for ou and n1
4.1.1 Efficiency
The sensitivity of the efficiencies show the primary and secondary mass flows to
have the most effect (Figure 4.1.1 and Table 4.1.2) on efficiency. The significance of the
mass flow effect is most likely due to its direct effect on the equivalence ratios of each
zone. The interaction effect between the two mass flows is also significant indicating the
relationship between primary and secondary burning. This is consistent with behavior
seen in current combustor designs.
Similar results are found with the standard deviation (sigma) of efficiency (Figure
4.1.2 and Table 4.1.3), however with a stronger interaction effect between the mass flow
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Variable Low Level Nominal Level High Level
%Volume 1 20 30 40
%Mass Flow 1 20 30 40
%Volume 2 20 30 40
%Mass Flow 2 20 30 40
Primary Zone Equiv 1.45 .94 .69
Ratio - Full Load*
Primary Zone Equiv .57 .37 .28
Ratio - No Load*
into the primary zone and the mass flow into the secondary zone. This is possibly due to
the interaction between the two mass flows occur at the tails of primary and secondary
reactor distributions, as observed with the semi-dual peak in Section 3.1.1.
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Figure 4.1.1 Mean Efficiency Effect Test Results
Table 4.1.2 Full Load Condition Mean Efficiency Parameter Results
Parameter
Source Estimates Std Error Prob>jt|
Intercept 0.995 0.0062 <.0001
%Vol1 0.001 0.0025 0.71
%Vo12 0.006 0.0025 0.03
%ml 0.025 0.0025 <.0001
%m2 -0.027 0.0025 <.0001
%Vol1 *%Vol1 0.000 0.0044 0.98
%Vo12 *%Vol1 0.000 0.0031 0.91
%Vol2 *%VoI2 -0.002 0.0044 0.72
%ml *%VoIl 0.001 0.0031 0.64
%ml *%Vol2 -0.007 0.0031 0.02
%ml *%ml -0.021 0.0044 <.0001
%m2 *%Vol1 0.001 0.0031 0.83
%m2 *%VoI2 0.005 0.0031 0.09
%m2 *%m1 0.030 0.0031 <.0001
%m2 *%m2 -0.019 0.0044 <.0001
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Figure 4.1.2 Efficiency Standard Deviation Effect Test Results
Table 4.1.3 Full Load Condition Efficiency Standard Deviation Parameter Results
source Parameter
Estimates Std Error Prob>t
Intercept -0.001 0.006 0.83
%Vol1 -0.002 0.003 0.51
%Vol2 -0.001 0.003 0.80
%ml -0.020 0.003 <.0001
%m2 0.025 0.003 <.0001
%Vol1 *%Vol1 0.001 0.004 0.84
%Vo12 *%Vol1 -0.001 0.003 0.85
%Vo12 *%Vol2 0.000 0.004 0.93
%m1 *%Vol1 -0.001 0.003 0.70
%ml *%VoI2 0.005 0.003 0.11
%ml *%ml 0.022 0.004 <.0001
%m2 *%VoIl -0.001 0.003 0.77
%m2 *%Vol2 -0.001 0.003 0.83
%m2 *%ml -0.029 0.003 <.0001
%m2 *%m2 0.019 0.004 <.0001
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4.1.2 NOx
The main sensitivity to NOx is found in the primary zone as expected and is
dominated by the mass flow. In the simplified model examined here, the mass flow
determines the equivalence ratio of the primary zone and the results are consistent with
NOx curves for perfectly stirred reactors. The mass flow is found to be significant for
both the mean and standard deviation of NOx. Figures 4.1.3-4 and Tables 4.1.4-5 show
the dominance of the mass flow and a non-linear relationship with a significant term
proportional to (%ml) 2.
Response Surface Effect Test - Three Reactor Model
Full Load Condition - Mean NOx
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Figure 4.1.3 Mean NOx Effect Test Results
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Table 4.1.4 Full Load Condition Mean NOx Parameter Results
Parameter
Source Estimates Std Error Prob>t|
Intercept 98.2 2.2 <.0001
_%Vol1 4.7 0.9 <.0001
_%Vol2 -0.1 0.9 0.93
%m1 -26.3 0.9 <.0001
%m2 -3.2 0.9 0.00
%Vol1 *%VoIl1 -1.1 1.5 0.49
%Vo12 *%Vol1 0.2 1.1 0.86
%Vo12 *%Vol2 -0.3 1.5 0.85
%ml *%VoIl1 1.7 1.1 0.12
%ml *%Vo12 -0.2 1.1 0.88
%ml *%ml -55.8 1.5 <.0001
%m2 *%Vol1 0.0 1.1 0.98
%m2 *%Vo12 0.4 1.1 0.73
%m2 *%ml 4.9 1.1 <.0001
%m2 *%m2 -1.5 1.5 0.33
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Figure 4.1.4 Standard Deviation of NOx Effect Test Results
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Table 4.1.5 Full Load Condition Standard Deviation of NOx Parameter Results
ParameterSource Estimates Std Error t Ratio
Intercept 32.4 0.83 <.0001
%Vol1 0.7 0.34 0.04
%VoI2 -1.2 0.34 0.00
%ml -5.2 0.34 <.0001
%m2 1.1 0.34 0.00
%Vol1 *%Vol1 -0.8 0.59 0.18
%Vol2 *%Vol1 0.1 0.42 0.88
%VoI2 *%Vol2 -0.4 0.59 0.54
%ml *%Vol1 2.1 0.42 <.0001
%ml *%VoI2 1.1 0.42 0.01
%ml *%ml -15.6 0.59 <.0001
%m2 *%Vol1 -0.3 0.42 0.43
%m2 *%Vol2 -0.1 0.42 0.86
%m2 *%ml -0.6 0.42 0.16
%m2 *%m2 0.5 0.59 0.38
4.1.3 No Load Condition
Similar to the NOx results, the main sensitivity to efficiency in the no load
condition is dominated by the mass flow into the primary zone. This is found for both the
mean and standard deviation of efficiency at the no load condition (Figure 4.1.5-6). As in
the full load condition, the mass flow directly affects the primary zone equivalence ratio.
These results are consistent with behavior in current combustor designs.
The sensitivities of the other main variables were found to be statistically
significant but relatively small compared to that of the primary zone mass flow (Table
4.1.6 Prob>t| of main variables are <.05). For standard deviation of efficiency, the effect
of primary zone mass flow is non-linear with a significant term proportional to (%ml) 2.
In addition, the volume of the secondary zone (Vol 2) is more significant an effect than
found for mean efficiency but is still relatively small. It does suggest that the volume of
the secondary zone may be a factor in changing the width (standard deviation) of the
distribution. Possibly, this is because the effect of the changes in volume is more
significant at the tails of the mass flow distribution.
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Figure 4.1.5 Mean Efficiency Effect Test Results - No Load Condition
Table 4.1.6 No Load Condition Mean Efficiency Parameter Results
Source ParameterEstimates Std Error Prob> t
Intercept 0.13 0.009 <.0001
%Vol1 0.03 0.004 <.0001
%Vol2 -0.03 0.004 <.0001
%ml -0.45 0.004 <.0001
%m2 0.01 0.004 0.00
%Vol1 *%Vol1 -0.01 0.006 0.32
%VoI2 *%Vol1 0.00 0.004 0.95
%Vol2 *%Vo12 0.03 0.006 <.0001
%ml *%Vol1 -0.01 0.004 0.05
%ml *%VoI2 -0.03 0.004 <.0001
%ml *%ml 0.36 0.006 <.0001
%m2 *%Vol1 0.00 0.004 0.90
%m2 *%Vol2 -0.02 0.004 0.00
%m2 *%ml 0.01 0.004 0.01
%m2 *%m2 0.00 0.006 0.81
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Figure 4.1.6 Efficiency Standard Deviation Effect Test Results - No Load Condition
Table 4.1.7 No Load Condition Efficiency Standard Deviation Parameter Results
Source ParameterEstimates Std Error Prob>|t|
Intercept 0.30 0.015 <.0001
%Vol1 0.01 0.006 0.26
%Vol2 -0.05 0.006 <.0001
%ml 0.02 0.006 0.00
%m2 0.01 0.006 0.03
%Vol1 *%Vol1 0.00 0.011 0.77
%Vol2 *%Vol1 0.00 0.008 0.99
%Vo12 *%Vo12 0.02 0.011 0.03
%ml *%Vol1 0.02 0.008 0.01
%ml *%Vol2 -0.05 0.008 <.0001
%ml *%ml -0.18 0.011 <.0001
%m2 *%Vol1 0.00 0.008 0.58
%m2 *%Vo12 -0.01 0.008 0.32
%m2 *%ml 0.02 0.008 0.01
%m2 *%m2 0.01 0.011 0.51
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4.1.4 Summary of Results
e A full factorial design of experiments on the three reactor model shows mass flow
into the primary zone has the most significant effect on the results within the
specified range of variables.
e The main effects of the primary zone dominate the NOx and no load condition
efficiency.
* Interaction effects between the mass flow into the primary and secondary zones
are significant on full load condition efficiency.
4.2 Primary Zone Sensitivities
A full factorial 35 design matrix was analyzed for the primary zone of the four
reactor model (Figure 2.2.1). Due to computational constraints the analysis focused on
the primary zone variables (Table 4.2.1). The matrix and raw data are shown in Appendix
A. Equivalence ratios for the primary zone reactors ranged from .41 to 2.1 for full load
condition and .17 to .8 for no load condition.
Table 4.2.1 Four Reactor Model Full Factorial Design of Experiment Variables
Variable Low Level Nominal Level High Level
%Volume 1 10 15 20
%Mass Flow 1 10 15 20
%Volume 2 10 15 20
%Mass Flow 2 10 15 20
%Fuel into 1 30 50 70
4.2.1 Full Load Efficiency
Linear regression analysis for efficiency was conducted and the effects are shown
in Figure 4.2.1. The estimated parameters are summarized in Table 4.2.2.
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Figure 4.2.1 Mean Efficiency Effect Test Results
Table 4.2.2 Full Load Condition Mean Efficiency Parameter Results
Parameter
Source Estimate Std Error Prob>|t|
I ntercept 1.02 0.016 <.0001
%Vol 1 0.00 0.006 0.80
%Vol 2 0.00 0.006 0.80
%m 1 -0.04 0.006 <.0001
%m 2 -0.04 0.006 <.0001
%f into 1 0.00 0.006 1.00
%Vol 1 *%Vol 1 0.00 0.010 0.96
%Vol 2 *%Vol 1 0.00 0.007 0.95
%Vol 2 *%Vol 2 0.00 0.010 0.96
%m1 *%Vol 1 0.00 0.007 0.73
%m1 Norm*Vol 2 Norm 0.00 0.007 0.91
%m1 *%m1 -0.03 0.010 0.01
%m2 *%Vol 1 0.00 0.007 0.91
%m2 *%Vol 2 0.00 0.007 0.73
%m2 *%m1 0.02 0.007 0.00
%m2 *%m2 -0.03 0.010 0.01
%f into 1 *%Vol 1 0.00 0.007 0.78
%f into 1 *%Vol 2 0.00 0.007 0.75
%f into 1 *%m1 0.08 0.007 <.0001
%f into 1 *%m2 -0.08 0.007 <.0001
%f into 1 *%f into 1 -0.10 0.010 <.0001
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These results show that the interaction effects between the mass flows and fuel
into each reactor are significant. The main effects of the mass flows (ml and m2) are
significant but relatively smaller than the interaction effects. The governing interaction
effects are the interactions between the fuel distribution (%f into 1) and the mass flow as
expected since these variables define the equivalence ratio of the primary zone and
subsequent burning in the secondary zones. This is consistent with the three reactor
model results and behavior seen in combustors.
Examining the standard deviation of efficiency, the factors that influenced the
mean are the same (Figure 4.2.2, Table 4.2.2).
In both cases, the high magnitude of the (%f into 1)2 term and interaction terms
shows a nonlinear relationship of the variables and efficiency. This non-linearity reflects
the non-linear relationship between equivalence ratio and efficiency.
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Figure 4.2.2 Full Load Condition Efficiency Standard Deviation Effect Test Results
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Table 4.2.3 Full Load Condition Efficiency Standard Deviation Parameter Results
Parameter
Source Estimate Std Error Prob>t|
Intercept -0.029 0.008 0.00
%Vol 1 0.000 0.003 0.96
%Vol 2 0.000 0.003 0.96
%m 1 0.016 0.003 <.0001
%m 2 0.016 0.003 <.0001
%f into 1 0.000 0.003 0.94
%Vol 1*%Vol 1 0.000 0.005 0.93
%Vol 2 *%Vol 1 0.000 0.004 0.94
%Vol 2 *%Vol 2 0.000 0.005 0.93
%ml *%Vol 1 0.002 . 0.004 0.59
%ml Norm*Vol 2 Norm 0.001 0.004 0.84
%ml *%ml 0.027 0.005 <.0001
%m2 *%Vol 1 0.001 0.004 0.84
%m2 *%Vol 2 0.002 0.004 0.59
%m2 *%ml -0.042 0.004 <.0001
%m2 *%m2 0.027 0.005 <.0001
%f into 1 *%Vol 1 -0.001 0.004 0.77
%f into 1 *%Vol 2 0.000 0.004 0.90
%f into 1 *%ml -0.070 0.004 <.0001
%f into 1 *%m2 0.070 0.004 <.0001
%f into 1 *%f into 1 0.069 0.005 <.0001
4.2.2 Full Load NOx
Analyses of the full factorial matrix for NOx show similar results to efficiency
calculations and the three reactor model. Interaction of the mass flow and fuel flow
(primary equivalence ratio) is governing the NOx production (Figure 4.2.3, Table 4.2.4).
There is a slight difference in that %fuel into each of the reactors has a less significant
effect than seen in the efficiency analysis. As suggested with in three reactor model
results, this may be attributed to a smaller effect on NOx of secondary burning.
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Figure 4.2.3 Full Load Condition Mean NOx Effect Test Results
Table 4.2.4 Full Load Condition Mean NOx Parameter Results
Parameter
Source Estimate Std Error Prob>|t|
Intercept 77.0 3.9 <.0001
%Vol 1 2.2 1.4 0.14
%Vol 2 2.2 1.4 0.14
%m 1 3.3 1.4 0.02
%m 2 3.3 1.4 0.02
%f into 1 0.0 1.4 1.00
%Vol 1*%Vol 1 -0.2 2.5 0.95
%Vol 2 *%Vol 1 0.1 1.8 0.96
%Vol 2 *%Vol 2 -0.2 2.5 0.95
%ml *%Vol 1 1.5 1.8 0.41
%ml Norm*Vol 2 Norm 0.1 1.8 0.96
%ml *%ml -14.1 2.5 <.0001
%m2 *%Vol 1 0.1 1.8 0.96
%m2 *%Vol 2 1.5 1.8 0.41
%m2 *%ml 0.4 1.8 0.82
%m2 *%m2 -14.1 2.5 <.0001
%f into 1 *%Vol 1 1.0 1.8 0.57
%f into 1 *%Vol 2 -1.0 1.8 0.57
%f into 1 *%ml 23.3 1.8 <.0001
%f into 1 *%m2 -23.3 1.8 <.0001
%f into 1 *%f into 1 -8.3 2.5 0.001
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Figure 4.2.4 Full Load Condition NOx Standard Deviation Effect Test Results
Table 4.2.5 Full Load Condition NOx Standard Deviation Parameter Results
Parameter
Source Estimate Std Error Prob>|tl
Intercept 16.71 0.69 <.0001
%Vol 1 0.13 0.26 0.62
%Vol 2 0.13 0.26 0.62
%m 1 -0.13 0.26 0.60
%m 2 -0.13 0.26 0.60
%f into 1 0.06 0.26 0.82
%Vol 1*%Vol 1 -0.18 0.44 0.68
%Vol 2 *%Vol 1 -0.07 0.31 0.83
%Vol 2 *%Vol 2 -0.18 0.44 0.68
%ml *%Vol 1 0.27 0.31 0.39
%ml Norm*Vol 2 Norm -0.03 0.31 0.91
%ml *%ml -2.18 0.44 <.0001
%m2 *%Vol 1 -0.03 0.31 0.91
%m2 *%Vol 2 0.27 0.31 0.39
%m2 *%ml 0.58 0.31 0.07
%m2 *%m2 -2.18 0.44 <.0001
%f into 1 *%Vol 1 -0.41 0.31 0.20
%f into 1 *%Vol 2 0.34 0.31 0.27
%f into 1 *%ml 3.82 0.31 <.0001
%f into 1 *%m2 -3.87 0.31 <.0001
%f into 1 *%f into 1 -2.95 0.44 <.0001
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For the variation of NOx (Figure 4.2.4 Table 4.2.5), the main sensitivities that
were found with mean NOx are the same for standard deviation of NOx with the mass
flow and fuel interactions governing the effects. There is more contribution from the fuel
distribution variable in the standard deviation case indicating secondary burning has an
effect on the outliers of the distribution and a compounding of noise into the secondary
zone.
4.2.3 No Load Efficiency
As done before, efficiency at the no load operating condition is used as an
indicator of combustor stability. In this load condition, the amount of fuel is reduced but
the mass flow distribution and fuel distribution between reactors remain the same as the
full load condition.
Here, for the mean efficiency, the effects appear to reverse from the full load case.
The main effects rather than the interaction effects are more significant and more
linearity is observed (Figure 4.2.5, Table 4.2.6).
Response Surface Effect Test - Four Reactor Model
No Load Operation - Mean Efficiency
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Figure 4.2.5 No Load Condition Mean Efficiency Effect Test Results
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Table 4.2.6 No Load Condition Mean Efficiency Parameter Results
Parameter
Source Estimate Std Error Prob>|t|
Intercept 0.388 0.033 <.0001
%Vol 1 0.009 0.012 0.45
%Vol 2 0.009 0.012 0.45
%m 1 -0.192 0.012 <.0001
%m 2 -0.192 0.012 <.0001
%f into 1 0.000 0.012 0.99
%Vol 1*%Vol 1 -0.002 0.021 0.93
%Vol 2 *%Vol 1 0.001 0.015 0.93
%Vol 2 *%Vol 2 -0.002 0.021 0.93
%ml *%Vol 1 0.005 0.015 0.72
%ml Norm*Vol 2 Norm 0.000 0.015 0.99
%ml *%ml -0.022 0.021 0.28
%m2 *%Vol 1 0.000 0.015 0.99
%m2 *%Vol 2 0.005 0.015 0.72
%m2 *%ml -0.006 0.015 0.68
%m2 *%m2 -0.022 0.021 0.28
%f into 1 *%Vol 1 0.008 0.015 0.58
%f into 1 *%Vol 2 -0.008 0.015 0.57
%f into 1 *%ml -0.160 0.015 <.0001
%f into 1 *%m2 0.160 0.015 <.0001
%f into 1 *%f into 1 0.132 0.021 <.0001
A possible reason for this is that at the no load condition the range of equivalence
ratios are in the lean range that behaves more linearly. In addition, the condition is near
the stability boundary where the magnitude of change in mass flow would have a more
significant effect.
The main effects of mass flow into the primary zone (%ml and %m2) are still
significant in the standard deviation of efficiency, however, the interactions do play a
more significant role (Figure 4.2.6, Table 4.2.7). The results also show some
contribution of the reactor volumes to the standard deviation of efficiency. This change in
sensitivity between mean efficiency and standard deviation of efficiency, suggests that
while the nominal value of the input variables remain in a design space that is governed
by main effects, the outer range of input variable values cross boundaries in the design
space where the interaction effects and additional variables affect the performance. If this
is the case, then designing a combustor under nominal conditions may not result in a
robust configuration for the no load condition.
51
Response Surface Effect Test - Four Reactor Model
No Load Operation - Efficiency Standard Deviation
----- ----
Variable
Figure 4.2.6 No Load Condition Efficiency Standard Deviation Effect Test Results
Table 4.2.7 No Load Condition Efficiency Standard Deviation Parameter Results
Parameter
Source Estimate Std Error Prob>|t|
Intercept 0.114 0.010 <.0001
%Vol 1 0.007 0.004 0.06
%Vol 2 0.007 0.004 0.06
%m 1 0.026 0.004 <.0001
%m 2 0.026 0.004 <.0001
%f into 1 0.000 0.004 0.93
%Vol 1*%Vol 1 0.001 0.006 0.92
%Vol 2 *%Vol 1 0.002 0.004 0.59
%Vol 2 *%Vol 2 0.001 0.006 0.92
%ml *%Vol 1 0.012 0.004 0.01
%ml Norm*Vol 2 Norm 0.001 0.004 0.84
%ml *%ml -0.023 0.006 0.00
%m2 *%Vol 1 0.001 0.004 0.84
%m2 *%Vol 2 0.012 0.004 0.01
%m2 *%ml -0.012 0.004 0.01
%m2 *%m2 -0.023 0.006 0.00
%f into 1 *%Vol 1 0.000 0.004 0.94
%f into 1 *%Vol 2 -0.001 0.004 0.73
%f into 1 *%ml 0.039 0.004 <.0001
%f into 1 *%m2 -0.039 0.004 <.0001
%f into 1 *%f into 1 0.040 0.006 <.0001
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4.2.4 Summary of Results
e A full factorial design of experiments shows the four reactor combustor model to
be highly coupled. Interaction effects are significant for both efficiency and NOx
and tend to dominate main effects in the full load condition.
e The interaction effects that are most significant are those between the mass flow
and fuel distribution. These are the interactions that determine the equivalence
ratio of the primary zone.
e In the no load case, the interaction effects are more significant in the variation (or
robustness) of efficiency than in mean efficiency.
* Interaction effects are more significant for the standard deviations of the
performance parameter.
* Reactor volumes become significant in the no load conditions.
4.3 Secondary Zone Sensitivities
Using the five reactor model and a full factorial 34 design matrix, secondary zone
mass flow sensitivities were further evaluated (Figure 2.2.1). Due to computational
constraints, the analysis focused on the secondary zone variables (Table 4.3.1). Three
separate full factorial designs matrices were completed for three different primary zone
configurations.
The primary zones simulated are rich fuel conditions, two of which have primary
zone equivalence ratios similar to those found Hamilton Sundstrand's combustors and
one of which has the optimized combustor configuration in Section 6.2, Table 6.2.3. The
matrices and raw data are shown in Appendix A.
The main difference in the configurations is the primary zone equivalence ratio.
In addition, Configuration 1 and 3 have Reactor 1 with most of the fuel. This leaves
Reactor 2 to burn lean. In Configuration 2 the two primary zone reactors have equally
distributed fuel creating Reactor 1 fuel rich and Reactor 2 near stoichiometric conditions.
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Table 4.3.1
Five Reactor Model Full Factorial Design of Experiment Variables
Variable Low Level Nominal Level High Level
%Mass Flow 3 10 15 20
%Mass Flow 4 10 15 20
%from 1 to 3* 40 50 60
%from 2 to 3* 40 50 60
*%froml to 3 translates to % mass flow from reactor I to reactor 3. /ofrom 1 to 4 is equal to
100-%froml to 3. Same as with 0/ofrom 2 to 3.
Variable Configuration Configuration Configuration
1 2 3
%Mass Flow 1 15 10 10
%Mass Flow 2 15 15 15
%Volume 1 10 10 10
%Volume 2 20 20 20
%Volume 3 15 15 15
%Volume 4 15 15 15
%Fuel into 1 70 50 70
Reactor 1 Equivalence 1.35 1.45 2.1
Ratio Loaded
Condition***
Reactor 1 Equivalence .53 .57 .80
Ratio No Load
Condition***
**%Volume 5 is based on %Volume 1-4. WMass flow 5 is based on /oMass Flow 1-4
***Reactor 1 Equivalence Ration is based on %Mass Flow 1, %Fuel into 1, and Overall
Equivalence Ratio.
4.3.1 Full Load Efficiency
Previously, in Section 4.1, the results showed a strong interaction between the
primary and secondary zones in efficiencies. This study tries to examine the secondary
zone effects in more detail. Linear regression analyses for efficiency for the three
configuration were conducted and the effects are shown in Figure 4.3.1.
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Response Surface Effect Test - Five Reactor Model
Full Load Condition - Mean Efficiency
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Figure 4.3.1 Mean Efficiency Effect Test Results
These results show that, as the primary zone equivalence ratio increases from
Configuration 1 to 3, the effect of the secondary zone mass flows (%/m3 and %m4) on
overall efficiency also increase. The effect is smaller in Configuration 2 which has a
more equally fuel distributed reactor 2. As an even higher equivalence ratio is reached in
Configuration 3, the effect of the variable, %from 1 to 3, begins to amplify. In addition,
the Reactor 1 begins to be more coupled with the secondary reactor with increases in
interactions between %from 1 to 3, %m3 and %m4. These results are consistent with the
results from the three reactor model analysis (Section 4. 1) which showed an increase in
sensitivity to the secondary zone in fuel rich primary zone configurations.
Examining the standard deviation of efficiency, the factors that influenced the
mean are similar (Figure 4.3.2). There is a much stronger effect of mass flow on the
spread of efficiency in the fuel rich condition (Configuration 3). Interaction effects are
also present here as they were in mean efficiency. However, the effect of the %from1 to 3
variable for Configuration 2 seems to have decreased, which may be due to the condition
that Reactor 2 is near stoichiometric conditions.
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Figure 4.3.2 Full Load Condition Efficiency Standard Deviation Effect Test Results
In Chapter 3, it was observed that near stoichiometric conditions the output
distributions more closely approximate normal distributions and the standard deviation
contains less skew and is less effected. This may have implications for a robust
configuration to be a combustor with one stable area in a fuel rich primary zone.
In both cases, Configuration 3 is most affected by the secondary zone reactors. In
relation to the primary zone variables analyzed in Section 4.1, the high interaction
indicated between the primary and secondary zone (Figure 4.1.1 and 4.1.2) and the
similar magnitude of the sum of squares suggest these effects to be significant.
4.3.2 Full Load NOx
Analyses of the full factorial matrix for NOx show opposite results to efficiency
calculations.
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Figure 4.3.3 Full Load Condition Mean NOx Effect Test Results
The secondary zone variables govern the mean NOx production (Figure 4.3.3) in
Configuration 1 and decreases with Configuration 2 and 3. Most likely, this is due to the
higher magnitude of NOx produced in the primary zone of Configuration 1 and is
subsequently more effected by secondary burning.
For the variation of NOx (Figure 4.3.4), the main sensitivities that were found for
standard deviation of NOx was mixed. There were more interactions within the
secondary zone for Configuration 1 and 3, the configurations that had Rich reactor l's
and lean Reactor 2's. The higher effects of mass flow on Configuration 3 is most likely
attributed to the higher secondary zone equivalence ratio created by a more fuel rich
Reactor 1. There was little effect of the secondary zone reactors on Configuration 2
which had near stoichiometric reactor and one slight fuel rich one. These results possibly
show how the outliers of the input distribution interact.
While examining this data, it should be noted that the magnitude of these effects
are much smaller than those shown in the three reactor model, suggesting that the main
effect on NOx is within the primary zone parameters.
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Figure 4.3.4 Full Load Condition NOx Standard Deviation Effect Test Results
4.3.3 No Load Efficiency
In this load condition., the amount of fuel is reduced but the mass flow distribution
and fuel distribution between reactors remain the same as the full load condition (Table
4.3. 1). Since these are all fuel rich primary zones, those corresponding reactors (Reactor
1 and 2 combined) had flame stability. Thus, the magnitude of the sum of squares are
much lower than those in the three reactor analysis which encountered unstable
conditions.
Here, for the mean efficiency in Configuration 1 (Figure 4.3.5), the distribution of
the two primary zone reactors (%from 1 to 3 and %from 2 to 3) and their interaction are
beginning to have more of a non-linear effect on efficiency. Since Configuration 1 has
the leanest primary zone, the increased effects suggest that this condition is closer to the
stability boundary for burning in the secondary zone (i.e. the secondary reactors are
flaming out).
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Figure 4.3.5 No Load Condition Mean Efficiency Effect Test Results
Configuration 2 appears to be transitioning to a more primary zone distribution
effect as in Configuration 1 with small sum of squares. However, there is still a linear
relationship with variables, %from 1 to 3 and %from 2 to 3. This may be attributed to the
higher equivalence ratio of the primary zone in comparison to Configuration 1 as well as
the closer reaction chemistry from a more even distribution of fuel in the two primary
zone reactors.
However, unlike Configuration 1 and 2, the mass flows into the secondary zone
(%m3 and %m4) are still the more significant variables in Configuration 3, the one with
the highest primary zone equivalence ratio. It is consistent with the effects in the full load
condition.
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Figure 4.3.6 No Load Condition Efficiency Standard Deviation Effect Test Results
In the case of efficiency standard deviation at no load (Figure 4.3.6),
Configuration 1 shows both the influence of the mass flows (%m3 and %m4) and an
interaction in the primary zone flow distribution to the secondary zone. The possible
explanation for this would be that there are outliers that are closer to the stability
boundary and have become more sensitive to both the %from 1 to 3 and %from 2 to 3
and the secondary mass flows.
Configuration 2 is consistent with mean efficiency at no load but is more non-
linear, perhaps, accounting for outliers that are closer to the stability boundary.
Configuration 3 seems the most robust configuration with respect to deviation in
efficiency.
In comparing the results from Full Load and No Load conditions, the effects of
the secondary zone variables are more significant in the Full Load conditions and less in
the No Load. In addition, there is a shift in a higher effect of secondary mass flow (%m3
and %m4) in the more fuel rich conditions to a higher effect of flow distribution (%from
1 to 3 and %from 2 to 3) in the leaner conditions.
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4.3.4 Summary of Results
e The effects of the secondary zone on efficiency increase with higher primary zone
equivalence ratios. At the higher equivalence ratios, the secondary zone behaves
with more interactions. These effects are significant.
e With respect to NOx, the secondary zone influences are not as significant as the
primary zone. Of the secondary zone influences, the mass flows are the most
significant, increasing in significance at primary zone conditions near
stoichiometric conditions.
* In the No Load case where the primary zone becomes fairly lean, the overall
effect of the secondary variables are much smaller than the primary zone
variables. However, of the secondary zone variables, the flow distribution
variables begin to interact more significantly.
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Chapter 5
Design Optimization
Recognizing the non-linearity of the combustor networks studied, it was uncertain
which optimization methodology would be best suited for the problem. Several design
optimization techniques were evaluated. These methodologies include traditional Taguchi
Methods using Orthogonal Arrays (OA), Response Surface Optimization, and One-At-a-
Time (OAT) optimization.
5.1 Taguchi Methods
Taguchi Methods' concept of robust parameter design uses Orthogonal Arrays
(OA) of control factors and noise factors to determine the set of control factor settings
that is the most robust against variability for a given design point. The control factors are
the design variables that the experimenter can control and the noise factors (i.e.
variability) are those that cannot be controlled in the process. Design arrays for both the
control and noise factors are created and then crossed to form a parametric design.
Usually a full factorial array requires a large number of runs, however, Taguchi Methods
are usually OA's that reduce the number of runs. Because of its reduced number of runs
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and being the most accepted and used method currently in the industry, it was applied to
the three reactor combustor model.
The following design variables were varied using a Taguchi L18 array.12
Table 5.1.1 Variable Settings Used in the L18 Taguchi Array
Variable # Low Level Nominal Level High Level
Inlet Pressure (atm) A 3.5 4.5
Inlet Temperature (K) B 350 425 500
Total Volume (cm 3) C 2000 2200 2400
Total Mass Flow (m/s) D 1000 1250 1500
%Mass Flow into 1 E 20 30 40
%Mass Flow into 2 F 20 30 40
Primary Zone Equiv. G 1.35 .9 .67
This design array was completed for an overall equivalence ratio of 0.27 which is
the full load condition. The primary zone equivalence ratio was calculated based on
%mass flow into reactor 1 and the overall equivalence ratio.
The trends from the runs are shown in Figures 5.1.1 and 5.1.2. The raw results are
listed in Appendix A.
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Figure 5.1.1 Efficiency Effects from
Setting.
Efficiency (Mean)
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0.975
Taguchi L18 Matrix at 0.27 Power
12 Wu, Y., Taguchi Methodsfor Robust Design, ASME Press, Michigan, 2000.
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Figure 5.1.2 NOx Effects from Taguchi L18 Matrix at 0.27 Power Setting
From these results using Taguchi methods for "nominal is best", the predicted
optimal condition is: A2-B2-C3-D1-E2-F1-G2. The optimal condition for NOx is
calculated to be A2-B3-C1-D2-El-F2-G1 (Signal to Noise Ratio S/N) and A2-B3-C1-
D2-E3-F2-G3 (Mean).
Table 5.12 Taguchi Prediction Comparison
S/N Ratio S/N Ratio Max S/N Mean Mean Actual
Predicted Actual Ratio in Predicted
Runs
Efficiency 82.6 54.5 76.4 1.0054 .9989
optimized based
on S/N
NOx optimized 30.5 23.2 23.7 109.6 89.129
based on S/N
NOx optimized 2.2 6.7 6.9* -26.6 14.11
based on Mean I I
* This value is the minimum mean in the runs
The results show that there is over a 20% error from the predicted versus actual
S/N ratio and mean (Table 5.1.2) with exception of mean efficiency. However, a small
range of mean efficiencies (.995 to 1.000) seen throughout the orthogonal array may
account for the smaller error. Also, the optimal configuration of variables predicted by
the Taguchi analysis did not correlate to the actual optimal configuration determined by
the full factorial analysis completed in Chapter 4. This is seen in the difference between
the Max S/N ratio, which represents the value from the actual optimal configuration, and
the corresponding actual value of the configuration picked by the Taguchi analysis. Thus,
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the method applied here failed to predict both the optimum mean and noise conditions
and optimal configuration. This may be attributed to the non-linearities and interactions
in the combustion model that the chosen Taguchi method cannot account for. 13
5.2 Response Surface Methodology
The full factorial design of experiments from section 4.1 and 4.2 was analyzed using the
response surface methodology.
5.2.1 Three Reactor Model
Based on the coefficients produced in section 4.1 using the methods outlined in
section 2.3.1, the optimization response surface (RS) showed the following correlations.
Table 5.2.1 Summary of Fit of the Res
Output
ponse Surfaces - Three Reactor Model
Good correlation was found for both mean and standard deviation of NOx and No Load
Mean Efficiency. These correlations may be due to minimal interaction effects and the
dominant effect of one variable, primary zone mass flow (Section 4.1.2-3), both of which
would simplify the response surface. Using the RS to predict the optimal configurations,
the following comparisons are made.
13 Parks, J.M., "On stochastic optimization: Taguchi Methods demystified; its limitations and Fallacy
Clarified," Probabilistic Engineering Mechanics, Vol 16, 2001, p.8 7 -10 1.
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R Square of RS Fit
Full Load Mean Efficiency .847
Full Load Efficiency Standard .818
Deviation
Mean NOx .972
NOx Standard Deviation .938
No Load Mean Efficiency .997
No Load Efficiency Standard .868
Deviation
Table 5.2.2 Summary of Predictions of the RS - Three Reactor Model
Min Predicted Min Actual Max Predicted Max Actual
Full Load Mean
Fficiency 0.85 0.81 1.004 0.995Efficiency 08
Full Load
Efficiency -0.008 .005 0.121 0.145
Standard
Deviation
Mean NOx 4.5 11.9 103.5 112.3
NOx Standard 7.2 8.3 34.9 37.5
Deviation 7.2_8.3_34.9_37.5
While the predicted magnitudes differed from the actual responses (Table 5.2.2),
the RS was able to predict qualitatively the correct configuration for minimum mean
efficiency, standard deviation of efficiency, and maximum mean NOx. Though the
correlations for the response surfaces for the three reactor model are significant, its
predictive capability is still limited over the design range examined.
5.2.2 Four Reactor Model
As the combustor model became more complex in the four reactor model, the
created optimization response surface based on the coefficients produced in section 4.2
showed a significant decrease in fit and also failed to locate the optimization points
(Table 5.2.3).
Table 5.2.3 Summary of Fit of the Response Surfaces - Four Reactor Model
Output R Square of RS Fit
Full Load Mean Efficiency .691
Full Load Efficiency Standard .830
Deviation
Mean NOx .662
NOx Standard Deviation .644
No Load Mean Efficiency .781
No Load Efficiency Standard .627
Deviation
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Logarithmic or square root transformations were unable to improve the fit. Residual plots
show the errors to have non-constant variance as shown in Figure 5.2.1. This variance in
residuals is another indicator of the lack of fit of the model. The somewhat equal scatter
in the mean NOx residuals between 40 and 90 mean NOx predicted suggests that the
response surface may more appropriate and a better predictor for perturbations in that
NOx range.
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Figure 5.2.1 Response Surface Residuals for Mean Efficiency and Mean NOx
Table 5.2.4 Summary of Predictions of the RS - Four Reactor Model
Min Predicted Min Actual Max Predicted Max Actual
Mean .757 .556 .910 .992
Efficiency
Efficiency .0817 .005 .278 .337
Standard
Deviation
Mean NOx -10.920 .342 81.105 110.934
NOx Standard 11.262 .357 29.829 21.465
Deviation
To assess the variation of the optimal configuration predicted to the actual optimal
configuration, the following formula was used.
PercentfromOptimalConfiguration = PredictedOptimal_,,. - A ctuaOptimaax
Pr edictedOpima_..
67
0.15-
0.10-
0.05 -
0.00-
-0.05-
-0.10-
-0.15-
-0.20 -
ii
5
110
The value of the Predicted Optimal is the actual value of the configuration chosen by the
RS.
Percentage From Optimal Performance
Mean Efficiency Maximum 
-1.2%
Mean Efficiency Minimum 17.6%
Efficiency Standard Deviation Maximum -1.6%
Efficiency Standard Deviation Minimum 27.9%
Mean NOx Maximum -10.1%
Mean NOx Minimum 0.0%
NOx Standard Deviation Maximum -27.1%
NOx Standard Deviation Minimum 93.1%
The results show that the response surface was not able to find the optimal minimum and
maximum configurations except in the Mean NOx Minimum case. However in some
cases, the response surface was able to find configurations that were close in magnitude
(i.e. Standard Deviation of Efficiency Maximum). This suggests a complex design
surface with multiple local maxima and minima that the response surface method is
unable to capture. It is suspected that on a more localized design region the response
surface methodology would be more appropriate as seen in robust analyses with
compressor blading. 4
5.3 One-At-a-Time Methodology (OAT)
The final method evaluated as an optimization scheme was the One-At-a-Time
Methodology (OAT). The OAT strategy aims at the same goal as Taguchi Methods,
improving quality and cost by minimizing variance and maximizing robustness but has
"4 Garzon, V., Darmofal, D., "Using Computational Fluid Dynamics in Probabilistic Engineering Design,"
AIAA Computational Fluid Dynamics Conference, 15th, Anaheim, CA, June 11-14, 2001, AIAA Paper
2001-2526.
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been found to be more accurate for highly-coupled systems." The basic strategy is
explained in Section 2.3.2.
The OAT is applied to the same variable matrix as that used in the full factorial
design of experiments for evaluation. In this study, optimization was conducted for a low
NOx combustor. The criteria are as follows:
1. Stability at No Load Condition should be greater than 95% Thus either
Stability Reactor 1 or Stability Reactor 2 > .95
2. Efficiency at Full Operating Conditions is > .90.
3. If Stability and Efficiency criterion are met, then optimize for the most
robust NOx at Full Operating Condition. The most robust is equated to
the lowest mean NOx plus NOx standard deviation.
The order of the variables were %Voll,%ml,%f into 1,%m2,%Vol2 (Routine 1)
completing one recirculation zone first then the secondary zone. A second routine
(Routine 2) was conducted that placed %ml first and %Vol third taking into account
variable sensitivities. The results are as follows:
Table 5.3.1 Results of the OAT Strategy for Low NOx Combustor
Methodology NOx
Full Factorial Optimal (Actual) 2.72
OAT Routine 1 3.09
OAT Routine 2 (Actual found) 2.72
From these results, the One-At-a-Time strategy, given some knowledge of combustor
design sensitivities in picking the order of the variables, was able to find the actual
optimum. This is constrained to the assumptions made at the beginning of the
optimization.
" Englehardt, F., Frey, D., "The Role of the One-Factor-At-a-Time Strategy in Robustness Improvement."
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Coupled with improved comparisons seen in other applications systems", the
OAT seems to be an optimal method for assessing a robust combustor configuration
from both a computation and trade-off capability stand point.
5.4. Chapter Summary
e Taguchi Methods were inadequate for assessing these combustor problems due to
the inability to account for interaction effects.
e Response Surface optimization was more accurate for the three reactor model
than the four reactor model. The RS was unable to locate actual maxima and
minima suggesting high non-linearity in the design space evaluated.
* One-at-a-Time optimization was able to come close to the design optimum and
was chosen to continue optimization.
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Chapter 6
Deterministic vs. Probabilistic Design
To evaluate where deterministic methods' inability to account for variability fails,
several comparisons were made between probabilistic and deterministic design. Using
both methods, NOx and efficiency were assessed with both the three and four reactor
model.
6.1 Three Reactor Model
Initially, using the three reactor model, a comparison between deterministic and
probabilistic methods was investigated.
Three of the points calculated in Chapter 3 were calculated deterministically here
at the full load condition and compared for efficiency. The points consist of primary zone
equivalence ratios of .68, .9, and 1.35. These results were then compared to the
probabilistic means of Monte Carlo simulations completed at the same conditions,
varying the noise levels from 2% to 8%. For reference, the noise condition of the analysis
completed in Section 3.1 was 6%.
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Minimal change in mean efficiency with respect to noise level was found at the .7
and .9 equivalence ratios. However, significant change was found at the 1.35 equivalence
ratio with the mean efficiency decreasing approximately 1%. This is shown in Figure
6.1.1 where each colored bar represents a noise level and nominal represents the
deterministic calculation. This is consistent with results in Chapter 3 where the
distribution became more skewed at that condition (Figure 3.1).
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.68
Figure 6.1.1 Mean Efficiency Comparison at Full Load Condition
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For NOx (Figure 6.1.2), the change with respect to noise is minimal until the 8%
noise condition is reached. In this case, however, since lower NOx is desired, the
deterministic method for the rich condition is conservative meaning that the deterministic
method would overestimate the mean NOx of the population. In the lean case, the
opposite is true the deterministic method would underestimate the mean NOx.
For examining stability in the No Load condition, several more points were
calculated to more closely locate the stability boundary. The points calculated for this
condition included primary zone equivalences of .45, .48, .5, .67, and 1.0. Here percent
stable was used as the measure of stability. This was calculated by the number of Monte
Carlo samples that held a flame and combusted divided by the total number of samples.
As expected, the probabilistic evaluation showed a more significant difference
from the deterministic analysis (Figure 6.1.2) as the primary zone became leaner and
closer to the stability boundary. As the stability boundary was reached as in the .45
equivalence ratio case (Figure 6.1.3), the percent stable began to level off with increasing
noise percent. This is expected since theoretically at the boundary with an assumed
normal distribution of noise, an equal number of samples will be inside and outside of the
stability limit regardless of the width of the distribution.
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Figure 6.1.3 Mean Stability Comparison at No Load Condition
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6.2 Four Reactor Model
Using the One-At-a-Time (OAT) Methodology for seven variables, the four
reactor model was analyzed for the most robust configuration both probabilistically and
deterministically. This study aimed at assessing deterministic and probabilistic methods
from a design process standpoint.
The criteria used in the OAT methodology are similar to the criteria used in
Section 5.3. The parameters are as follows:
1. Stability at No Load Condition should be greater than 95% Thus either
Stability Reactor 1 or Stability Reactor 2 > .95
2. Efficiency at Full Operating Conditions is > .90.
3. If Stability and Efficiency criterion are met, then optimize for the most
robust NOx at Full Operating Condition. The most robust is equated to the
lowest mean NOx or nominal NOx.
Six different OAT variable orders were run. They are shown in Table 6.2.1.
Results are listed in Appendix A.
Table 6.2.1 OAT Variable Orders
Variable # Oat 1 Oat 2 Oat 3 Oat 4 Oat 5 Oat 6
1 %m 1 %m 1 %f into 1 %f into 1 %Vol 1 %Vol 1
2 %m 2 %f into 1 %m 1 %Vol 1 %m 1 %f into 1
3 %m 3 %m 3 %m 2 %m 1 %f into 1 %m 1
4 %f intol %m 2 %Vol 1 %m 2 %m 2 %m 2
5 %Vol 1 %Vol 1 %Vol 2 %Vol 2 %m 3 %m 3
6 %Vol 2 %Vol 2 %m 3 %m 3 %Vol 2 %Vol 2
7 %Vol 3 %Vol 3 %Vo1 3 %Vol 3 %Vol 3 %Vol 3
The deterministic results are shown in Table 6.2.1 and the probabilistic results are
shown in Table 6.2.3. In this study, the deterministic results for 5 out of the 6 OAT runs
converged to the same configuration. Whereas in the probabilistic case, only 3 of the 6
OAT runs had the same combustor configuration. The fact that the probabilistic method
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came up with different configurations for the various OAT orders suggests that the order
in which the combustor architecture is designed has an effect on performance. Thus, this
shows the potential for a robust design process (specific order of design), in addition to a
robust configuration, that should be further explored.
Table 6.2.2 Deterministic OAT Resulting Robust Combustor Configurations
Variable Oat 1 Oat 2 Oat 3 Oat 4 Oat 5 Oat 6
%Vol 1 10 10 10 20 10 10
%Vol 2 10 10 10 10 10 10
%Vol 3 20 20 20 20 20 20
%m1 10 10 10 10 10 15
%m2 15 15 15 15 15 10
%m3 30 30 30 30 30 30
%f into 1 70 70 70 70 70 30
Table 6.2.3 Probabilistic OAT Resulting Robust Combustor Configurations
Variable Oat 1 Oat 2 Oat 3 Oat 4 Oat 5 Oat 6
%Vol 1 10 10 10 20 10 10
%Vol 2 15 15 20 20 20 20
%Vol 3 40 30 40 40 40 40
%m 1 10 10 10 10 10 15
%m2 20 15 15 15 15 10
%m3 40 30 30 30 30 30
%f into 1 50 70 70 70 70 30/70
Taking the optimal OAT configuration (highlighted in red) from both methods,
the probabilistic OAT is found to be a more robust configuration than the deterministic
result in several areas. These include both mean and standard deviation of efficiency and
NOx at Load condition and NOx at No Load condition. There are only small differences
in No Load efficiency. However, these results show that probabilistic design can be used
to develop a more robust combustor.
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Table 6.2.4 Deterministic vs Probabilistic Robust Combustor Comparison
Load Condition Deterministic Probabilistic
NOx 2.081 1.984
NOx Standard Deviation 11.164 3.340
Efficiency 0.933 0.967
Efficiency Standard
Deviation 0.106 0.049
No Load Condition
NOx 12.121 11.784
NOx Standard Deviation 6.971 4.942
Efficiency 0.712 0.713
Efficiency Standard
Deviation 0.041 0.045
6.3 Chapter Summary
e Mean combustor performance using probabilistic analysis yielded a different
value than by using deterministic analysis. These differences were more
pronounced in richer primary zone conditions and near the stability boundary.
* Probabilistic design optimization determined a different (more robust)
configuration than the deterministic optimization.
* Using the One-At-a Time optimization strategy, showed that the order of variable
optimization affects the final configuration.
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Chapter 7
Case Study
After completing the analyses in Chapter 3 thru 6, the following case study was
conducted to show how the methodology explored here might be used in an actual design
process.
7.1 Model Representation
The application chosen for the case study was a combustor from an Auxiliary
Power Unit currently being tested at Hamilton Sundstrand. Based on design methods
used at Hamilton Sundstrand, the combustor was approximated using the four reactor
network configuration. The proprietary inlet conditions are similar to those completed in
the previous analyses. The configuration was run for two design conditions full load
(high fuel) and no load (low fuel) with 6% noise. The results were then compared against
NOx and CO testing results. The comparison is shown in Figures 7.1.1 thru 7.1.4.
The nominal or design conditions assigned to the four reactors matched the
experimental NOx results but were unable to match CO results. Instead of having higher
CO at No Load and lower CO at Full load, the nominal variables produced an opposite
effect. Thus, the nominal variables were additionally perturbed within their expected
design tolerances to produce CO that reflected more the experimental trend. This was
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labeled the experimental configuration. The exact quantities did not match completely but
are attributed to the low fidelity of the reactor model for CO calculations as well as
possible experimental error. The main difference between the nominal and experimental
conditions was the fuel distribution in the primary zone.
120 ,
100
80
60
40
20
0
80
70
60
50
40
30
20
10
0
0
- Nominal Configuration
\ - - Experiment Configuration
- - Experimental Test Point
0 50 100 150 20
NOx ppm
Figure 7.1.1 NOx Verification Full Load Condition
- - -- Nominal Configuration
-- Experiment Configuration
-- Experimental Test Point
' 
-
20 40 60
NOx ppm
80 100
0
120
Figure 7.1.2 NOx Verification No Load Condition
78
U
0)
0~
II)
LL
-~-~ ~
0 200 400 600 800 1000 1200
NOx ppm
Figure 7.1.3 CO Verification Full Load Condition
-.-.- Nominal Configuration -
-Experiment Configuration
---Experimental Test Point
j1
.p
200 400 600 800 1000
NOx ppm
Figure 7.1.4 CO Verification No Load Condition
79
45
40
35
30
e 25
O 20U-
15
10
5
0
120 -
1400
U-
100
80
60
40
20
0
0 1200
Once the network models for the two configurations were agreed upon and
considered verified, the probabilistic techniques were then applied for evaluation of
efficiency and NOx.
7.2 Noise Sensitivity
First, the model was used to assess the robustness of the design with respect to
noise sensitivity. Combustor simulations were conducted for noise ranging from 2% to
10% for both the full load and no load case.
7.2.1 Nominal Configuration
In the full load nominal configuration case, the mean and standard deviation of
the resulting distributions are shown in Figure 7.2.1 and 7.2.2.
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Figure 7.2.1 Efficiency Mean and Standard Deviation Trends at Full Load -
Nominal Configuration
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The efficiency (Figure 7.2.1) is shown to be sensitive to noise with a 3% change
in mean and 10% in standard deviation.
Exit temperature is consistent with the efficiency trends showing a 20K change in
mean and lOOK change in standard deviation (Figure 7.2.2). There is also a significant
sensitivity to noise observed for NOx. While the change in mean NOx remains robust
within 2 ppm, the standard deviation changes from 2 to almost 30 ppm which is over
46% of the mean.
In the no load condition (Figure 7.2.3), the efficiency also is shown to be unstable
with noise with 10% change in mean and 24% change in standard deviation across the
range of noise levels. This is attributed to its proximity to the flame stability boundary at
the tails of the distribution.
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Figure 7.2.2 NOx and Exit Temperature Mean and Standard Deviation Trends at
Full Load - Nominal Configuration
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7.2.2 Experimental Configuration
In the full load experimental configuration, similar trends to the nominal
configurations are observed, however, the magnitude of the variation increased. The
mean and standard deviation of the resulting full load distributions are shown in Figure
7.2.4 and 7.2.5.
The efficiency (Figure 7.2.4) is shown to be sensitive to noise with a 10% change
in mean and 24% change in standard deviation. Mean NOx (Figure 7.2.5) increased about
6 ppm and standard deviation changed from 5 to almost 36 ppm which is about the same
percentage as seen in the nominal configuration. The slightly higher variation in the
experimental configuration is assumed to be attributed to the greater variation in fuel
distribution in the primary zone.
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The efficiency in the no load condition (Figure 7.2.6), is shown to be similar to
the nominal configuration with a 11% change in mean and a 24% change in standard
deviation across the range of noise levels.
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In summary, these results for both the nominal and experimental conditions
suggest non-robust efficiencies and NOx at both operating conditions. Robustness here is
defined in terms of sensitivity of combustor performance to noise level. Satisfactory
performance will be based on the minimum performance limits and the acceptable
percentage of the samples in the distributions that exceed these limits.
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7.3 Robust Options
7.3.1 Sensitivity Analysis
In order to address the non-robust conditions, a sensitivity analysis is conducted
to determine which design variables may be changed to produce an improved
configuration. The design variables for fuel distribution and mass flows are perturbed
10% of nominal settings and the noise level is assumed at 6%. The 10% variation
encompasses the experimental configuration as well. Due to the smaller perturbations
used here for the case study, more significant correlations were found for all the variables
(correlation coefficients .97-.99) except for standard deviation efficiency at full load
(correlation coefficient .5).
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Figure 7.3.2 Efficiency Standard Deviation Sensitivities
Table 7.3.1 Efficiency Parameter Estimates
Full Load Full Load No Load
Mean Standard Dev. No Load Mean Standard Dev.
Parameter Parameter Parameter Parameter
Variable Estimate Estimate Estimate Estimate
Intercept 0.9941 0.0022 0.8921 0.2029
%ml -0.0001 0.0002 -0.0689 0.0645
%m2 -0.0003 0.0001 -0.0046 0.0032
%m3 -0.0013 0.0010 -0.0042 0.0006
%f into 1 -0.0008 0.0006 0.0377 -0.0106
%ml*%ml 0.0002 0.0001 -0.0134 -0.0116
%m2*%ml 0.0000 -0.0002 -0.0041 0.0015
%m2*%m2 0.0000 0.0003 0.0034 0.0000
%m3*%ml -0.0001 -0.0001 -0.0005 0.0005
%m3*%m2 -0.0002 0.0006 -0.0006 0.0014
%m3*%m3 -0.0003 0.0005 -0.0029 0.0037
%f into 1*%ml -0.0003 0.0001 0.0056 0.0079
%f into 1*%m2 0.0000 0.0005 0.0015 0.0003
%f into 1*%m3 -0.0003 0.0007 0.0013 0.0018
%f into 1*%f into 1 0.0003 0.0003 -0.0011 0.0013
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The results for efficiency are shown in Figures 7.3.1 and 7.3.2. These results show
that for the full load conditions the significant variable is %m3 (secondary zone mass
flow), %f into 1 (primary zone fuel distribution) and the interaction of the two. For the no
load conditions mass flow into the primary zone (%ml) is the dominant variable.
Between the two conditions, the magnitude of the effects of the variation is much more
significant in the no load condition than the full load conditions. Optimization of both
conditions would likely result in the no load condition dominating the design.
According to the negative value of parameter estimates in Table 7.3.1, a reduction
in %m3 and %f into I show a significant increase in the robustness of the combustor
efficiency at full load condition. These variables correspond to reducing reactor 1
equivalence ratio of the primary zone closer to stoichiometric conditions and reducing the
secondary zone residence time for secondary burning. For the no load condition,
however, a trade off is necessary. First, a reduction in %ml reduces variation in mean
efficiency, however, increases the range of the distribution by increasing the standard
deviation. Secondly, the efficiency improvement that can be realized in %f into 1 would
conflict with improvement for the full load condition.
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Table 7.3.2 NOx Parameter Estimates
Full Load Full Load No Load
Mean Standard Dev. No Load Mean Standard Dev.
Parameter Parameter Parameter Parameter
Variable Estimate Estimate Estimate Estimate
Intercept 73.4 15.1 14.6 12.3
%ml 34.4 9.2 -21.7 -13.3
%m2 -0.3 0.1 -0.1 0.2
%m3 -0.8 0.0 -0.2 -0.1
%f into 1 -15.3 -3.8 12.4 7.8
%ml*%ml 7.6 4.8 10.8 5.2
%m2*%ml -0.1 0.0 0.2 0.1
%m2*%m2 -0.2 -0.1 0.5 0.5
%m3*%ml 0.2 0.1 0.2 0.2
%m3*%m2 -0.1 -0.1 0.0 0.1
%m3*%m3 0.0 -0.2 -0.1 0.0
%f into 1*%ml -7.5 -4.4 -11.1 -5.5
%f into I*%m2 0.1 -0.1 -0.1 -0.1
%f into 1*%m3 -0.1 0.0 -0.2 -0.1
%f into 1*%f into 1 2.4 1.0 2.5 1.2
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For NOx, the key drivers are %ml and %f into1 which are the variables that
correspond to the primary zone equivalence ratio. They are significant in both the no
load and full load conditions. However, the parameter estimates show the effects of the
variation to be opposing. The only variable that can reduce both no load and full load
NOx is in a reduction of %m3 and this is a small effect. The main effects that result in a
decrease in NOx at full load would result in a increase in NOx at no load.
7.3.1 Optimization
Using the criteria set in Section 6.2 for the OAT optimization and applying them
to the full factorial runs completed for the sensitivity analysis, the robust configuration
for low NOx was determined in Table 7.3.3. It was assumed that 80 percent of operation
occurred at full load and 20 percent at no load. A different proportion of operation would
result in different optimal configurations.
Table 7.3.3 Optimal NOx Configuration
Variable Value
%ml -10%
%m2 -10%
%m3 +10%
%f into 1 -10%
7.4 Chapter Summary
Overall, the results shown here are consistent with observations found in the
previous chapters. Using the methodology explored in this study, the analyses showed
combustor performance to be sensitive or non-robust to noise. The analysis was further
used to identify the key drivers of performance variability and, under specified criteria,
an optimal robust solution could be identified. Through this process, the trade-offs that
exist within a single operating condition (standard deviation and mean) and between
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different operating conditions (no load and full load) in addition to the trade-off between
performance characteristics (efficiency and NOx) were demonstrated. In this case, robust
performance would ultimately be based on the minimum performance limits and the
acceptable percentage of the samples in the distributions that exceed these limits.
Analysis correlations were more significant for the smaller design space explored.
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Chapter 8
Conclusions and Recommendations
Using a simplified network model of perfectly stirred reactors, this study was able
to evaluate the effects of uncertainty on combustion efficiency and NOx. Though
constrained by the fidelity of the model, some of the key drivers of combustor
performance were identified and several optimization methodologies were applied to
determine a more robust configuration.
8.1 Variation Drivers
The analyses confirmed that the combustor is most sensitive to the primary zone
variables, consistent with current combustor design. The most significant variables are
mass flow and fuel distribution which directly determine the overall equivalence ratio. In
the rich primary zone conditions and extreme lean conditions, additional variability is
introduced by burning and instability in the secondary zone, respectively. Among the
secondary zone variables, the mass flows into the secondary zone were the most
significant where there were high equivalence ratios in the primary zones. As the primary
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zones became leaner, the percent distribution and mixing into the secondary zone became
more significant.
In some configurations, noise variation did not significantly affect the mean of the
performance distributions but did affect the standard deviation and skew. These
conditions usually corresponded to design points where the mean is near stoichiometric
conditions and its outliers are in areas of the design space more sensitive to variable
interactions. So while the mean conditions of each reactor did not effect the other
reactors, the noise conditions did. Thus, overall, interaction effects were found to be more
significant for the standard deviations of the performance parameters. As the number of
reactors used increased more interaction effects were observed in the rich and lean
conditions.
The implication of this finding on more complex combustors is something to be
further explored. In real combustors, except in pre-mixed and pre-vaporized conditions,
there are higher levels of unmixedness, a more complex network of rich and lean fuel
zones. The increased interaction effects suggests that more unmixedness can potentially
produce higher variation in combustor performance and be harder to account for because
of the greater sensitivity to multiple variables. In addition, the presence of more complex
fluid dynamics which are not accounted for in this study, may also cause additional
variations. To address these issues, a higher fidelity model either with more reactors or
computational fluid dynamics is recommended for more detailed study.
8.2 Deterministic vs. Probabilistic
In addition to key drivers, more fundamental observations of combustor
performance were observed. Normally distributed input noise did not result in normally
distributed combustor performance. Except near stoichiometric conditions, significant
differences in standard deviation and skew were found. In addition, sensitivity analyses
showed significant influence of the nonlinear and interaction terms on combustor
performance. These attributes indicate that there are non-robust conditions and that
deterministic analyses are not sufficient in capturing the variability in performance.
The comparison of deterministic and probabilistic methodologies confirmed this.
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Mean combustor performance using probabilistic analysis yielded a different value than
using deterministic analysis. Consistent with the sensitivity analyses, these differences
were more pronounced in richer primary zone conditions and near the stability boundary.
In addition, using One-At-a-Time optimization, probabilistic design optimization
determined a different and more robust configuration than the deterministic optimization.
Thus, given that combustors are subjected to uncertainty in manufacturing and
operation, probabilistic methods especially in combustors that are operating away from
stoichiometric conditions should be applied in their design. Due to the non-linear and
coupled nature of the combustor, extrapolating from deterministic analysis can be
misleading. In addition, some of the probabilistic trade-offs within one condition would
not be observed (i.e. increasing a variable may reduce mean NOx but increase standard
deviation NOx). As in the case study, these probabilistic methods were used to identify
key sensitivities (within the fidelity of the model) and potential performance failures and
were used as a tool for designing a more robust combustor with the ultimate goal of
reducing manufacturing and operating costs.
8.3 Lessons Learned
In trying to evaluate variability in the combustors, several probabilistic techniques
were used and evaluated. The Taguchi Methods were inadequate for assessing the
combustor problem which was most likely due to inability to account for interaction
effects. Response Surface optimization obtain some higher correlations in some cases but
was unable to locate actual maxima and minima in others suggesting high non-linearity in
the design space. Perhaps, as seen in other analyses' 6 , using the response surface in a
more localized space after optimizing the overall design space would provide a better
optimization tool. One-at-a-Time optimization was fairly successful, possibly a reflection
of the coupled nature of combustor, and is recommended to be evaluated further.
1 6 Garzon, V., Darmofal, D., "Using Computational Fluid Dynamics in Probabilistic Engineering Design,"
AIAA Computational Fluid Dynamics Conference, 15th, Anaheim, CA, June 11-14, 2001, AIAA Paper
2001-2526.
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Table A.1 Three Reactor Model, 6% Noise, Full Load Condition, Full Factorial Results (Section 4.1)
%f Mean Sigma
Run %Vol %Vol %Vol %m %m %m Equiv into Mean Sigma Mean Sigma Exit Exit Mean Sigma
# 1 2 3 1 2 3 1 1 Efficiency Efficiency Stability Stability Temp Temp NOx NOx
1 20 20 60 20 20 60 1.45 100 0.98 0.01 0.99 0.07 1038 59 75.90 22.88
2 20 20 60 20 30 50 1.45 100 0.96 0.03 0.96 0.11 1037 66 71.20 26.77
3 20 20 60 20 40 40 1.45 100 0.82 0.15 0.86 0.16 949 143 54.97 29.23
4 20 20 60 30 20 50 0.94 100 0.99 0.01 0.96 0.11 1058 54 82.11 28.04
5 20 20 60 30 30 40 0.94 100 0.98 0.01 0.95 0.12 1051 51 81.65 28.26
6 20 20 60 30 40 30 0.94 100 0.96 0.02 0.92 0.15 1101 207 82.74 28.33
7 20 20 60 40 20 40 0.69 100 0.99 0.01 0.94 0.13 1081 73 12.35 8.75
8 20 20 60 40 30 30 0.69 100 0.98 0.01 0.92 0.15 1082 105 12.41 9.80
9 20 20 60 40 40 20 0.69 100 0.98 0.01 0.91 0.16 1109 172 12.75 11.53
10 20 30 50 20 20 60 1.45 100 0.99 0.01 0.99 0.06 1044 58 77.27 20.85
11 20 30 50 20 30 50 1.45 100 0.97 0.02 0.95 0.11 1047 63 72.49 24.83
12 20 30 50 20 40 40 1.45 100 0.86 0.14 0.90 0.15 975 133 57.15 29.54
13 20 30 50 30 20 50 0.94 100 0.99 0.01 0.94 0.13 1058 50 83.16 27.50
14 20 30 50 30 30 40 0.94 100 0.98 0.01 0.95 0.12 1057 51 81.76 26.00
15 20 30 50 30 40 30 0.94 100 0.97 0.02 0.90 0.16 1080 170 80.17 29.20
16 20 30 50 40 20 40 0.69 100 0.99 0.01 0.93 0.14 1076 66 11.89 8.98
17 20 30 50 40 30 30 0.69 100 0.98 0.01 0.88 0.17 1090 111 12.52 8.29
18 20 30 50 40 40 20 0.69 100 0.98 0.02 0.83 0.19 1152 241 13.25 14.32
19 20 40 40 20 20 60 1.45 100 0.99 0.01 0.99 0.07 1040 58 76.69 19.90
20 20 40 40 20 30 50 1.45 100 0.98 0.01 0.97 0.09 1043 71 70.51 20.32
21 20 40 40 20 40 40 1.45 100 0.88 0.13 0.90 0.15 986 127 57.98 22.00
22 20 40 40 30 20 50 0.94 100 0.99 0.01 0.93 0.13 1054 49 80.67 26.29
23 20 40 40 30 30 40 0.94 100 0.99 0.01 0.92 0.15 1057 53 82.50 27.45
24 20 40 40 30 40 30 0.94 100 0.97 0.02 0.89 0.17 1054 88 79.02 27.99
25 20 40 40 40 20 40 0.69 100 0.99 0.01 0.92 0.14 1075 58 12.15 9.19
26 20 40 40 40 30 30 0.69 100 0.98 0.05 0.86 0.19 1085 119 12.12 8.76
27 20 40 40 40 40 20 0.69 100 0.97 0.03 0.79 0.20 1120 201 12.51 9.55
28 30 20 50 20 20 60 1.45 100 0.98 0.01 0.99 0.06 1038 59 76.35 21.32
29 30 20 50 20 30 50 1.45 100 0.96 0.02 0.96 0.11 1030 63 70.86 23.56
30 30 20 50 20 40 40 1.45 100 0.81 0.14 0.86 0.16 939 138 54.50 26.15
31 30 20 50 30 20 1 50 0.94 100 0.99 0.01 0.95 0.12 1057 51 97.50 33.56
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Table A.1 Three Reactor Model, 6% Noise, Full Load Condition, Full Factorial Results (Section 4.1) Continued
%f Mean Sigma
Run %Vol %Vol %Vol %m %m %m Equiv into Mean Sigma Mean Sigma Exit Exit Mean Sigma
# 1 2 3 1 2 3 1 1 Efficiency Efficiency Stability Stability Temp Temp NOx NOx
32 30 20 50 30 30 40 0.94 100 0.98 0.01 0.95 0.12 1059 62 99.69 32.62
33 30 20 50 30 40 30 0.94 100 0.97 0.02 0.89 0.17 1084 173 98.70 35.16
34 30 20 50 40 20 40 0.69 100 0.99 0.01 0.94 0.13 1079 56 14.28 10.22
35 30 20 50 40 30 30 0.69 100 0.99 0.01 0.90 0.16 1085 95 15.09 14.38
36 30 20 50 40 40 20 0.69 100 0.98 0.01 0.88 0.17 1103 154 14.48 10.47
37 30 30 40 20 20 60 1.45 100 0.98 0.01 0.99 0.07 1041 53 75.35 25.74
38 30 30 40 20 30 50 1.45 100 0.97 0.02 0.97 0.09 1037 60 68.96 21.08
39 30 30 40 20 40 40 1.45 100 0.87 0.13 0.90 0.15 981 129 57.83 23.51
40 30 30 40 30 20 50 0.94 100 0.99 0.01 0.93 0.13 1060 54 98.48 31.86
41 30 30 40 30 30 40 0.94 100 0.98 0.01 0.90 0.15 1057 62 97.89 32.94
42 30 30 40 30 40 30 0.94 100 0.97 0.02 0.88 0.18 1069 134 96.28 32.95
43 30 30 40 40 20 40 0.69 100 0.99 0.01 0.94 0.13 1077 68 13.70 10.89
44 30 30 40 40 30 30 0.69 100 0.99 0.01 0.87 0.18 1088 100 15.14 11.12
45 30 30 40 40 40 20 0.69 100 0.98 0.02 0.81 0.21 1113 169 15.71 13.28
46 30 40 30 20 20 60 1.45 100 0.99 0.01 0.98 0.08 1043 54 76.17 17.33
47 30 40 30 20 30 50 1.45 100 0.98 0.01 0.95 0.12 1042 61 68.66 20.59
48 30 40 30 20 40 40 1.45 100 0.88 0.13 0.88 0.16 986 128 57.49 20.88
49 30 40 30 30 20 50 0.94 100 0.99 0.01 0.94 0.13 1054 54 94.33 31.37
50 30 40 30 30 30 40 0.94 100 0.98 0.01 0.87 0.16 1054 52 96.51 32.36
51 30 40 30 30 40 30 0.94 100 0.97 0.02 0.84 0.18 1060 95 98.21 31.56
52 30 40 30 40 20 40 0.69 100 0.99 0.01 0.91 0.15 1080 65 14.06 9.91
53 30 40 30 40 30 30 0.69 100 0.99 0.01 0.86 0.18 1080 81 14.14 10.36
54 30 40 30 40 40 20 0.69 100 0.98 0.02 0.75 0.20 1092 141 14.31 10.61
55 40 20 40 20 20 60 1.45 100 0.98 0.01 0.99 0.06 1040 57 73.32 20.93
56 40 20 40 20 30 50 1.45 100 0.97 0.02 0.98 0.08 1036 63 67.78 21.46
57 40 20 40 20 40 40 1.45 100 0.81 0.14 0.86 0.16 939 142 51.80 21.96
58 40 20 40 30 20 50 0.94 100 0.99 0.01 0.92 0.14 1054 50 109.27 36.35
59 40 20 40 30 30 40 0.94 100 0.98 0.01 0.92 0.14 1054 51 111.81 35.75
60 40 20 40 30 40 30 0.94 100 0.97 0.02 0.89 0.17 1065 148 106.94 36.16
61 40 20 40 40 20 40 0.69 100 0.99 0.01 0.93 0.14 1076 55 15.08 11.55
62 40 20 40 40 30 30 0.69 100 0.99 0.01 0.89 0.16 1082 87 15.34 11.59
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Table A.1 Three Reactor Model, 6% Noise, Full Load Condition, Full Factorial Results (Section 4.1) Continued
%f Mean Sigma
Run %Vol %Vol %Vol %m %m %m Equiv into Mean Sigma Mean Sigma Exit Exit Mean Sigma
# 1 2 3 1 2 3 1 1 Efficiency Efficiency Stability Stability Temp Temp NOx NOx
63 40 20 40 40 40 20 0.69 100 0.98 0.01 0.84 0.18 1095 138 16.08 13.62
64 40 30 30 20 20 60 1.45 100 0.98 0.01 0.98 0.08 1038 55 72.06 14.46
65 40 30 30 20 30 50 1.45 100 0.97 0.02 0.96 0.11 1047 84 67.60 15.59
66 40 30 30 20 40 40 1.45 100 0.86 0.13 0.87 0.16 974 133 54.92 20.57
67 40 30 30 30 20 50 0.94 100 0.99 0.01 0.91 0.15 1057 50 112.32 34.40
68 40 30 30 30 30 40 0.94 100 0.98 0.01 0.87 0.16 1053 49 109.04 35.37
69 40 30 30 30 40 30 0.94 100 0.97 0.02 0.85 0.19 1065 135 108.46 37.49
70 40 30 30 40 20 40 0.69 100 0.99 0.01 0.91 0.15 1079 61 16.22 13.64
71 40 30 30 40 30 30 0.69 100 0.99 0.01 0.86 0.17 1086 99 16.02 12.55
72 40 30 30 40 40 20 0.69 100 0.98 0.02 0.77 0.20 1092 141 14.80 11.04
73 40 40 20 20 20 60 1.45 100 0.99 0.01 0.97 0.10 1041 58 72.05 14.54
74 40 40 20 20 30 50 1.45 100 0.98 0.01 0.91 0.15 1050 81 65.07 14.84
75 40 40 20 20 40 40 1.45 100 0.89 0.12 0.87 0.16 998 130 56.88 19.33
76 40 40 20 30 20 50 0.94 100 0.99 0.01 0.98 0.09 1060 54 110.45 34.45
77 40 40 20 30 30 40 0.94 100 0.99 0.01 0.93 0.13 1054 51 110.52 34.12
78 40 40 20 30 40 30 0.94 100 0.98 0.02 0.87 0.18 1059 97 109.98 35.06
79 40 40 20 40 20 40 0.69 100 0.99 0.01 0.92 0.15 1083 66 15.91 11.68
80 40 40 20 40 30 30 0.69 100 0.99 0.01 0.85 0.17 1084 94 15.28 11.31
81 40 40 20 40 40 20 0.69 , 100 0.98 0.02 0.78 0.19 1097 141 16.31 14.09
Stability is the number of reactors with a flame (if there is a flame = 1 and no flame = 0) and Sigma is the standard deviation.
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Table A.2 Three Reactor Model, 6% Noise, No Load Condition, Full Factorial Results (Section 4.1)
%f Mean Sigma
Run %Vol %Vol %Vol %m %m %m Equiv into Mean Sigma Mean Sigma Exit Exit Mean Sigma
# 1 2 3 1 2 3 1 1 Efficiency Efficiency Stability Stability Temp Temp NOx NOx
1 20 20 60 20 20 60 0.57 100 0.94 0.16 0.65 0.11 708 76 1.5 1.3
2 20 20 60 20 30 50 0.57 100 0.94 0.15 0.66 0.13 735 154 1.7 1.8
3 20 20 60 20 40 40 0.57 100 0.94 0.15 0.67 0.15 781 234 1.6 2.0
4 20 20 60 30 20 50 0.37 100 0.11 0.28 0.06 0.19 494 213 0.0 0.1
5 20 20 60 30 30 40 0.37 100 0.15 0.33 0.08 0.20 542 291 0.0 0.1
6 20 20 60 30 40 30 0.37 100 0.18 0.35 0.10 0.20 594 352 0.1 0.5
7 20 20 60 40 20 40 0.28 100 0.08 0.24 0.03 0.10 516 278 0.0 0.0
8 20 20 60 40 30 30 0.28 100 0.13 0.30 0.05 0.13 582 353 0.0 0.0
9 20 20 60 40 40 20 0.28 100 0.16 0.32 0.06 0.14 616 382 0.0 0.0
10 20 30 50 20 20 60 0.57 100 0.93 0.18 0.64 0.13 709 103 1.7 2.8
11 20 30 50 20 30 50 0.57 100 0.94 0.15 0.65 0.11 714 113 1.6 1.6
12 20 30 50 20 40 40 0.57 100 0.93 0.19 0.64 0.15 729 159 1.5 1.4
13 20 30 50 30 20 50 0.37 100 0.06 0.22 0.04 0.17 454 125 0.0 0.1
14 20 30 50 30 30 40 0.37 100 0.05 0.20 0.04 0.15 452 115 0.0 0.5
15 20 30 50 30 40 30 0.37 100 0.09 0.26 0.06 0.20 468 148 0.0 0.1
16 20 30 50 40 20 40 0.28 100 0.01 0.06 0.00 0.04 434 64 0.0 0.0
17 20 30 50 40 30 30 0.28 100 0.02 0.11 0.01 0.06 445 131 0.0 0.0
18 20 30 50 40 40 20 0.28 100 0.07 0.22 0.03 0.11 499 253 0.0 0.0
19 20 40 40 20 20 60 0.57 100 0.94 0.16 0.65 0.11 703 79 1.4 1.4
20 20 40 40 20 30 50 0.57 100 0.94 0.14 0.66 0.11 724 128 1.6 1.9
21 20 40 40 20 40 40 0.57 100 0.93 0.17 0.65 0.13 725 145 1.6 2.5
22 20 40 40 30 20 50 0.37 100 0.06 0.21 0.04 0.16 452 105 0.0 0.1
23 20 40 40 30 30 40 0.37 100 0.07 0.23 0.05 0.18 455 103 0.0 0.1
24 20 40 40 30 40 30 0.37 100 0.07 0.24 0.05 0.18 461 118 0.0 0.1
25 20 40 40 40 20 40 0.28 100 0.01 0.07 0.00 0.04 435 66 0.0 0.0
26 20 40 40 40 30 30 0.28 100 0.01 0.08 0.01 0.06 438 86 0.0 0.0
27 20 40 40 40 40 20 0.28 100 0.01 0.09 0.01 0.05 441 108 0.0 0.2
28 30 20 50 20 20 60 0.57 100 0.96 0.14 0.65 0.10 711 68 1.8 1.7
29 30 20 50 20 30 50 0.57 100 0.96 0.11 0.66 0.10 735 132 1.9 2.4
30 30 20 50 20 40 40 0.57 100 0.96 0.11 0.67 0.12 784 225 2.2 2.9
31 30 20 50 30 20 50 0.37 100 0.12 0.30 0.08 0.21 494 196 0.2 4.0
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Table A.2 Three Reactor Model, 6% Noise, No Load Condition, Full Factorial Results (Section 4.1) Continued
%f Mean Sigma
Run %Vol %Vol %Vol %m %m %m Equiv into Mean Sigma Mean Sigma Exit Exit Mean Sigma
# 1 2 3 1 2 3 1 1 Efficiency Efficiency Stability Stability Temp Temp NOx NOx
32 30 20 50 30 30 40 0.37 100 0.19 0.36 0.11 0.23 569 310 0.0 0.2
33 30 20 50 30 40 30 0.37 100 0.25 0.39 0.14 0.25 630 362 0.1 0.2
34 30 20 50 40 20 40 0.28 100 0.09 0.26 0.04 0.12 537 303 0.0 0.0
35 30 20 50 40 30 30 0.28 100 0.19 0.35 0.08 0.15 654 413 0.0 0.0
36 30 20 50 40 40 20 0.28 100 0.21 0.35 0.08 0.15 674 425 0.0 0.0
37 30 30 40 20 20 60 0.57 100 0.96 0.15 0.65 0.11 719 104 1.8 1.6
38 30 30 40 20 30 50 0.57 100 0.97 0.09 0.67 0.07 725 92 1.9 1.8
39 30 30 40 20 40 40 0.57 100 0.96 0.12 0.67 0.10 741 148 1.8 1.7
40 30 30 40 30 20 50 0.37 100 0.12 0.31 0.08 0.22 479 152 0.0 0.2
41 30 30 40 30 30 40 0.37 100 0.13 0.32 0.09 0.24 488 177 0.0 0.3
42 30 30 40 30 40 30 0.37 100 0.14 0.32 0.09 0.23 491 178 0.0 0.1
43 30 30 40 40 20 40 0.28 100 0.02 0.10 0.01 0.06 442 101 0.0 0.0
44 30 30 40 40 30 30 0.28 100 0.02 0.13 0.01 0.07 452 152 0.0 0.0
45 30 30 40 40 40 20 0.28 100 0.04 0.17 0.02 0.08 479 211 0.0 0.0
46 30 40 30 20 20 60 0.57 100 0.97 0.11 0.66 0.08 720 85 1.7 1.5
47 30 40 30 20 30 50 0.57 100 0.97 0.11 0.67 0.10 738 138 2.0 4.4
48 30 40 30 20 40 40 0.57 100 0.97 0.07 0.66 0.07 729 112 1.9 2.1
49 30 40 30 30 20 50 0.37 100 0.14 0.33 0.09 0.23 489 168 0.1 0.8
50 30 40 30 30 30 40 0.37 100 0.13 0.32 0.09 0.23 480 150 0.1 1.0
51 30 40 30 30 40 30 0.37 100 0.12 0.31 0.09 0.22 477 141 0.0 0.1
52 30 40 30 40 20 40 0.28 100 0.01 0.09 0.01 0.06 434 76 0.0 0.3
53 30 40 30 40 30 30 0.28 100 0.00 0.04 0.00 0.03 430 50 0.2 3.5
54 30 40 30 40 40 20 0.28 100 0.01 0.08 0.00 0.04 439 112 0.2 2.9
55 40 20 40 20 20 60 0.57 100 0.96 0.13 0.65 0.09 708 57 1.7 1.6
56 40 20 40 20 30 50 0.57 100 0.97 0.10 0.67 0.09 731 131 2.1 4.2
57 40 20 40 20 40 40 0.57 100 0.97 0.07 0.66 0.11 772 203 2.0 2.3
58 40 20 40 30 20 50 0.37 100 0.22 0.39 0.15 0.27 538 233 0.1 1.2
59 40 20 40 30 30 40 0.37 100 0.23 0.39 0.14 0.27 576 303 0.1 1.4
60 40 20 40 30 40 30 0.37 100 0.30 0.42 0.17 0.26 661 377 0.1 0.2
61 40 20 40 40 20 40 0.28 100 0.10 0.26 0.05 0.12 548 319 0.0 0.3
62 40 20 40 40 30 30 0.28 100 0.14 0.30 0.06 0.13 592 364 0.0 0.0
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Table A.2 Three Reactor Model, 6% Noise, No Load Condition, Full Factorial Results (Section 4.1) Continued
%f Mean SigmaRun %Vol %Vol %Vol %m %m %m Equiv into Mean Sigma Mean Sigma Exit Exit Mean Sigma
# 1 2 3 1 2 3 1 1 Efficiency Efficiency Stability Stability Temp Temp NOx NOx
63 40 20 40 40 40 20 0.28 100 0.19 0.34 0.08 0.15 653 412 0.0 0.0
64 40 30 30 20 20 60 0.57 100 0.98 0.08 0.66 0.05 714 49 2.0 2.3
65 40 30 30 20 30 50 0.57 100 0.98 0.07 0.67 0.06 720 84 1.9 2.2
66 40 30 30 20 40 40 0.57 100 0.97 0.10 0.66 0.09 752 164 2.1 2.2
67 40 30 30 30 20 50 0.37 100 0.19 0.38 0.13 0.26 508 180 0.1 0.2
68 40 30 30 30 30 40 0.37 100 0.17 0.36 0.12 0.27 498 167 0.0 0.1
69 40 30 30 30 40 30 0.37 100 0.19 0.38 0.13 0.26 519 209 0.1 0.2
70 40 30 30 40 20 40 0.28 100 0.01 0.07 0.00 0.05 437 77 0.0 0.0
71 40 30 30 40 30 30 0.28 100 0.03 0.14 0.02 0.09 456 164 0.0 0.0
72 40 30 30 40 40 20 0.28 100 0.05 0.18 0.02 0.08 487 237 0.0 0.6
73 40 40 20 20 20 60 0.57 100 0.99 0.05 0.66 0.05 720 52 2.0 1.7
74 40 40 20 20 30 50 0.57 100 0.98 0.08 0.66 0.07 729 102 2.3 5.5
75 40 40 20 20 40 40 0.57 100 0.98 0.08 0.67 0.08 746 152 2.2 2.9
76 40 40 20 30 20 50 0.37 100 0.18 0.37 0.13 0.27 507 185 0.1 0.2
77 40 40 20 30 30 40 0.37 100 0.15 0.35 0.11 0.25 484 147 0.1 0.2
78 40 40 20 30 40 30 0.37 100 0.20 0.39 0.15 0.29 510 175 0.1 0.2
79 40 40 20 40 20 40 0.28 100 0.01 0.07 0.00 0.04 433 81 0.0 0.0
80 40 40 20 40 30 30 0.28 100 0.01 0.06 0.00 0.04 430 36 0.0 0.0
81 40 40 20 40 40 20 0.28 100 0.01 0.08 0.01 0.07 435 87 0.0 0.0
Stability is the number of reactors with a flame (if there is a flame = 1 and no flame = 0) and Sigma is the standard deviation.
101
Table A.3 Four Reactor Model, 6% Noise, Full Load Condition, Full Factorial Results (Section 4.2)
%f Mean Sigma
%Vol %Vol %Vol %m %m %m Equiv into Mean Sigma Mean Sigma Exit Exit Mean Sigma
Run # 1 2 3 1 2 3 1 1 Efficiency Efficiency Stability Stability Temp Temp NOx NOx
1 10 10 40 10 10 30 0.84 30 0.981 0.006 0.985 0.060 1056 47 18.03 6.90
2 10 10 40 10 10 30 1.45 50 0.980 0.006 0.977 0.073 1049 43 71.62 16.89
3 10 10 40 10 10 30 2.11 70 0.980 0.007 0.973 0.078 1055 48 17.86 8.89
4 10 10 40 10 15 30 0.84 30 0.978 0.007 0.957 0.095 1048 39 77.81 14.26
5 10 10 40 10 15 30 1.45 50 0.979 0.006 0.960 0.092 1049 41 73.26 18.50
6 10 10 40 10 15 30 2.11 70 0.968 0.047 0.973 0.081 1059 59 1.58 1.51
7 10 10 40 10 20 30 0.84 30 0.985 0.005 0.938 0.108 1056 36 75.97 15.20
8 10 10 40 10 20 30 1.45 50 0.972 0.009 0.961 0.091 1057 45 39.53 12.68
9 10 10 40 10 20 30 2.11 70 0.657 0.337 0.650 0.144 858 260 0.34 0.36
10 10 10 40 15 10 30 30 0.968 0.047 0.973 0.081 1059 59 1.58 1.51
11 10 10 40 15 10 30 50 0.979 0.006 0.960 0.092 1049 41 73.26 18.50
12 10 10 40 15 10 30 70 0.978 0.007 0.957 0.095 1048 39 77.81 14.26
13 10 10 40 15 15 30 0.55 30 0.961 0.051 0.945 0.111 1046 56 63.00 11.01
14 10 10 40 15 15 30 0.94 50 0.986 0.005 0.943 0.105 1057 37 81.05 16.73
15 10 10 40 15 15 30 1.35 70 0.956 0.067 0.950 0.113 1048 81 63.10 15.08
16 10 10 40 15 20 30 0.55 30 0.977 0.020 0.917 0.120 1065 61 61.98 14.88
17 10 10 40 15 20 30 0.94 50 0.985 0.005 0.939 0.108 1067 37 46.02 9.68
18 10 10 40 15 20 30 1.35 70 0.567 0.156 0.549 0.122 784 129 50.22 10.67
19 10 10 40 20 10 30 30 0.657 0.337 0.650 0.144 858 260 0.34 0.36
20 10 10 40 20 10 30 50 0.972 0.009 0.961 0.091 1057 45 39.53 12.68
21 10 10 40 20 10 30 70 0.985 0.005 0.938 0.108 1056 36 75.97 15.20
22 10 10 40 20 15 30 30 0.567 0.156 0.549 0.122 784 129 50.22 10.67
23 10 10 40 20 15 30 50 0.985 0.005 0.939 0.108 1067 37 46.02 9.68
24 10 10 40 20 15 30 70 0.977 0.020 0.917 0.120 1065 61 61.98 14.88
25 10 10 40 20 20 30 0.41 30 0.788 0.070 0.689 0.126 931 76 59.79 11.84
26 10 10 40 20 20 30 0.69 50 0.986 0.008 0.913 0.121 1078 38 11.12 4.06
27 10 10 40 20 20 30 0.99 70 0.783 0.068 0.685 0.129 926 74 59.33 11.31
28 10 15 40 10 10 30 0.84 30 0.980 0.007 0.970 0.082 1057 49 18.07 9.25
29 10 15 40 10 10 30 1.45 50 0.979 0.006 0.977 0.073 1045 42 69.18 16.16
30 10 15 40 10 10 30 2.11 70 0.980 0.006 0.977 0.073 1051 44 20.60 7.81
31 10 15 40 10 15 30 0.84 30 0.978 0.006 0.950 0.100 1048 40 76.36 13.93
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Table A.3 Four Reactor Model, 6% Noise, Full Load Condition, Full Factorial Results (Section 4.2) Continued
%f Mean Sigma
%Vol %Vol %Vol %m %m %m Equiv into Mean Sigma Mean Sigma Exit Exit Mean Sigma
Run # 1 2 3 1 2 3 1 1 Efficiency Efficiency Stability Stability Temp Temp NOx NOx
32 10 15 40 10 15 30 1.45 50 0.979 0.007 0.947 0.102 1050 52 80.28 21.21
33 10 15 40 10 15 30 2.11 70 0.969 0.040 0.976 0.078 1060 56 2.48 12.03
34 10 15 40 10 20 30 0.84 30 0.984 0.006 0.909 0.120 1054 35 87.48 16.60
35 10 15 40 10 20 30 1.45 50 0.971 0.009 0.955 0.096 1053 43 39.34 11.09
36 10 15 40 10 20 30 2.11 70 0.673 0.335 0.669 0.160 869 259 0.58 4.12
37 10 15 40 15 10 30 0.55 30 0.967 0.049 0.972 0.080 1052 59 1.60 1.12
38 10 15 40 15 10 30 0.94 50 0.979 0.006 0.950 0.100 1052 39 72.57 17.44
39 10 15 40 15 10 30 1.35 70 0.978 0.006 0.949 0.101 1047 38 81.09 12.58
40 10 15 40 15 15 30 0.55 30 0.961 0.045 0.949 0.107 1046 63 61.49 11.01
41 10 15 40 15 15 30 0.94 50 0.986 0.006 0.925 0.115 1057 37 89.96 18.12
42 10 15 40 15 15 30 1.35 70 0.966 0.010 0.950 0.100 1053 70 62.16 10.59
43 10 15 40 15 20 30 30 0.976 0.024 0.913 0.120 1059 44 72.91 13.99
44 10 15 40 15 20 30 50 0.985 0.006 0.909 0.120 1066 36 47.23 10.89
45 10 15 40 15 20 30 70 0.586 0.175 0.569 0.152 797 141 51.13 12.86
46 10 15 40 20 10 30 0.41 30 0.692 0.329 0.667 0.150 887 255 0.49 0.63
47 10 15 40 20 10 30 0.69 50 0.971 0.010 0.957 0.095 1054 53 37.32 10.23
48 10 15 40 20 10 30 0.99 70 0.984 0.006 0.914 0.119 1057 37 80.53 15.99
49 10 15 40 20 15 30 0.41 30 0.562 0.156 0.551 0.133 780 128 50.65 12.94
50 10 15 40 20 15 30 0.69 50 0.986 0.006 0.921 0.116 1066 39 54.21 12.98
51 10 15 40 20 15 30 0.99 70 0.977 0.018 0.911 0.123 1061 60 61.92 13.67
52 10 15 40 20 20 30 0.41 30 0.783 0.061 0.677 0.124 926 68 70.99 12.11
53 10 15 40 20 20 30 0.69 50 0.987 0.008 0.913 0.120 1079 49 11.80 4.38
54 10 15 40 20 20 30 0.99 70 0.798 0.084 0.697 0.146 938 84 60.61 11.80
55 10 20 40 10 10 30 30 0.979 0.007 0.967 0.085 1051 45 17.30 6.60
56 10 20 40 10 10 30 50 0.978 0.007 0.960 0.092 1045 53 68.77 15.25
57 10 20 40 10 10 30 70 0.979 0.007 0.965 0.087 1057 45 24.07 13.37
58 10 20 40 10 15 30 30 0.977 0.006 0.929 0.113 1047 38 75.95 12.75
59 10 20 40 10 15 30 50 0.978 0.006 0.930 0.112 1050 52 88.02 18.79
60 10 20 40 10 15 30 70 0.967 0.038 0.967 0.085 1057 64 1.98 4.81
61 10 20 40 10 20 30 0.84 30 0.984 0.006 0.899 0.123 1055 35 98.49 16.65
62 10 20 40 10 20 30 1.45 50 0.971 0.008 0.940 0.107 1053 40 38.06 10.45
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Table A.3 Four Reactor Model, 6% Noise, Full Load Condition, Full Factorial Results (Section 4.2) Continued
%f Mean Sigma
%Vol %Vol %Vol %m %m %m Equiv into Mean Sigma Mean Sigma Exit Exit Mean Sigma
Run # 1 2 3 1 2 3 1 1 Efficiency Efficiency Stability Stability Temp Temp NOx NOx
63 10 20 40 10 20 30 2.11 70 0.688 0.332 0.687 0.170 882 258 0.41 0.55
64 10 20 40 15 10 30 30 0.970 0.036 0.967 0.087 1058 53 1.81 1.65
65 10 20 40 15 10 30 50 0.977 0.006 0.927 0.114 1046 40 70.39 15.96
66 10 20 40 15 10 30 70 0.976 0.007 0.922 0.116 1049 51 84.26 16.21
67 10 20 40 15 15 30 30 0.962 0.040 0.939 0.112 1051 77 58.71 10.92
68 10 20 40 15 15 30 50 0.984 0.006 0.902 0.122 1053 35 96.07 18.61
69 10 20 40 15 15 30 70 0.962 0.039 0.937 0.113 1054 84 60.91 11.90
70 10 20 40 15 20 30 30 0.977 0.024 0.898 0.125 1059 51 81.62 16.31
71 10 20 40 15 20 30 50 0.985 0.007 0.911 0.120 1064 36 47.98 11.37
72 10 20 40 15 20 30 70 0.598 0.184 0.583 0.170 808 154 50.78 11.83
73 10 20 40 20 10 30 0.41 30 0.675 0.332 0.655 0.136 873 261 0.51 0.67
74 10 20 40 20 10 30 0.69 50 0.971 0.009 0.942 0.106 1059 72 37.16 10.81
75 10 20 40 20 10 30 0.99 70 0.983 0.006 0.896 0.123 1053 38 82.69 16.78
76 10 20 40 20 15 30 0.41 30 0.556 0.149 0.542 0.116 777 123 50.66 10.48
77 10 20 40 20 15 30 0.69 50 0.984 0.007 0.904 0.122 1069 34 62.50 13.72
78 10 20 40 20 15 30 0.99 70 0.979 0.010 0.899 0.123 1059 36 60.88 13.64
79 10 20 40 20 20 30 30 0.784 0.063 0.681 0.126 923 70 79.06 13.71
80 10 20 40 20 20 30 50 0.987 0.010 0.905 0.122 1077 34 12.56 4.50
81 10 20 40 20 20 30 70 0.808 0.090 0.701 0.151 949 104 60.34 11.85
82 15 10 40 10 10 30 30 0.980 0.006 0.977 0.073 1051 44 20.60 7.81
83 15 10 40 10 10 30 50 0.979 0.006 0.977 0.073 1045 42 69.18 16.16
84 15 10 40 10 10 30 70 0.980 0.007 0.970 0.082 1057 49 18.07 9.25
85 15 10 40 10 15 30 30 0.978 0.006 0.949 0.101 1047 38 81.09 12.58
86 15 10 40 10 15 30 50 0.979 0.006 0.950 0.100 1052 39 72.57 17.44
87 15 10 40 10 15 30 70 0.967 0.049 0.972 0.080 1052 59 1.60 1.12
88 15 10 40 10 20 30 30 0.984 0.006 0.914 0.119 1057 37 80.53 15.99
89 15 10 40 10 20 30 50 0.971 0.010 0.957 0.095 1054 53 37.32 10.23
90 15 10 40 10 20 30 70 0.692 0.329 0.667 0.150 887 255 0.49 0.63
91 15 10 40 15 10 30 30 0.969 0.040 0.976 0.078 1060 56 2.48 12.03
92 15 10 40 15 10 30 50 0.979 0.007 0.947 0.102 1050 52 80.28 21.21
93 15 10 40 15 10 30 70 0.978 0.006 0.950 0.100 1048 40 76.36 13.93
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Table A.3 Four Reactor Model, 6% Noise, Full Load Condition, Full Factorial Results (Section 4.2) Continued
%f Mean Sigma
%Vol %Vol %Vol %m %m %m Equiv into Mean Sigma Mean Sigma Exit Exit Mean Sigma
Run # 1 2 3 1 2 3 1 1 Efficiency Efficiency Stability Stability Temp Temp NOx NOx
94 15 10 40 15 15 30 30 0.966 0.010 0.950 0.100 1053 70 62.16 10.59
95 15 10 40 15 15 30 50 0.986 0.006 0.925 0.115 1057 37 89.96 18.12
96 15 10 40 15 15 30 70 0.961 0.045 0.949 0.107 1046 63 61.49 11.01
97 15 10 40 15 20 30 30 0.977 0.018 0.911 0.123 1061 60 61.92 13.67
98 15 10 40 15 20 30 50 0.986 0.006 0.921 0.116 1066 39 54.21 12.98
99 15 10 40 15 20 30 70 0.562 0.156 0.551 0.133 780 128 50.65 12.94
100 15 10 40 20 10 30 30 0.673 0.335 0.669 0.160 869 259 0.58 4.12
101 15 10 40 20 10 30 50 0.971 0.009 0.955 0.096 1053 43 39.34 11.09
102 15 10 40 20 10 30 70 0.984 0.006 0.909 0.120 1054 35 87.48 16.60
103 15 10 40 20 15 30 0.41 30 0.586 0.175 0.569 0.152 797 141 51.13 12.86
104 15 10 40 20 15 30 0.69 50 0.985 0.006 0.909 0.120 1066 36 47.23 10.89
105 15 10 40 20 15 30 0.99 70 0.976 0.024 0.913 0.120 1059 44 72.91 13.99
106 15 10 40 20 20 30 30 0.798 0.084 0.697 0.146 938 84 60.61 11.80
107 15 10 40 20 20 30 50 0.987 0.008 0.913 0.120 1079 49 11.80 4.38
108 15 10 40 20 20 30 70 0.783 0.061 0.677 0.124 926 68 70.99 12.11
109 15 15 40 10 10 30 0.84 30 0.980 0.006 0.974 0.077 1053 47 20.93 9.82
110 15 15 40 10 10 30 1.45 50 0.978 0.006 0.957 0.095 1046 43 69.34 14.53
111 15 15 40 10 10 30 2.11 70 0.979 0.007 0.969 0.083 1054 47 21.52 10.96
112 15 15 40 10 15 30 30 0.977 0.006 0.924 0.115 1046 37 79.79 17.31
113 15 15 40 10 15 30 50 0.977 0.006 0.923 0.116 1046 39 79.24 18.30
114 15 15 40 10 15 30 70 0.968 0.045 0.965 0.090 1056 59 1.92 1.76
115 15 15 40 10 20 30 0.84 30 0.983 0.006 0.900 0.122 1057 37 91.77 16.73
116 15 15 40 10 20 30 1.45 50 0.971 0.007 0.935 0.110 1060 60 37.42 9.71
117 15 15 40 10 20 30 2.11 70 0.699 0.329 0.683 0.161 893 263 0.54 0.79
118 15 15 40 15 10 30 0.55 30 0.968 0.045 0.965 0.090 1056 59 1.92 1.76
119 15 15 40 15 10 30 0.94 50 0.977 0.006 0.923 0.116 1046 39 79.24 18.30
120 15 15 40 15 10 30 1.35 70 0.977 0.006 0.924 0.115 1046 37 79.79 17.31
121 15 15 40 15 15 30 0.55 30 0.966 0.010 0.936 0.109 1057 71 60.15 10.86
122 15 15 40 15 15 30 0.94 50 0.985 0.007 0.905 0.121 1057 36 96.98 19.28
123 15 15 40 15 15 30 1.35 70 0.962 0.045 0.928 0.119 1057 97 60.46 11.27
124 15 15 40 15 20 30 30 0.979 0.010 0.898 0.124 1064 36 73.21 15.58
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Table A.3 Four Reactor Model, 6% Noise, Full Load Condition, Full Factorial Results (Section 4.2) Continued
%f Mean Sigma
%Vol %Vol %Vol %m %m %m Equiv into Mean Sigma Mean Sigma Exit Exit Mean Sigma
Run # 1 2 3 1 2 3 1 1 Efficiency Efficiency Stability Stability Temp Temp NOx NOx
125 15 15 40 15 20 30 50 0.985 0.008 0.904 0.122 1067 38 54.65 12.73
126 15 15 40 15 20 30 70 0.576 0.171 0.567 0.157 791 136 50.79 10.55
127 15 15 40 20 10 30 30 0.699 0.329 0.683 0.161 893 263 0.54 0.79
128 15 15 40 20 10 30 50 0.971 0.007 0.935 0.110 1060 60 37.42 9.71
129 15 15 40 20 10 30 70 0.983 0.006 0.900 0.122 1057 37 91.77 16.73
130 15 15 40 20 15 30 0.41 30 0.576 0.171 0.567 0.157 791 136 50.79 10.55
131 15 15 40 20 15 30 0.69 50 0.985 0.008 0.904 0.122 1067 38 54.65 12.73
132 15 15 40 20 15 30 0.99 70 0.979 0.010 0.898 0.124 1064 36 73.21 15.58
133 15 15 40 20 20 30 0.41 30 0.796 0.079 0.688 0.139 934 80 69.93 12.48
134 15 15 40 20 20 30 0.69 50 0.988 0.009 0.899 0.124 1081 50 13.18 4.96
135 15 15 40 20 20 30 0.99 70 0.803 0.083 0.693 0.143 940 84 70.98 12.84
136 15 20 40 10 10 30 0.84 30 0.978 0.007 0.945 0.104 1055 42 20.95 7.32
137 15 20 40 10 10 30 1.45 50 0.976 0.007 0.938 0.108 1047 62 66.56 13.50
138 15 20 40 10 10 30 2.11 70 0.978 0.007 0.947 0.103 1056 44 23.94 12.25
139 15 20 40 10 15 30 30 0.975 0.006 0.894 0.124 1048 50 78.69 15.98
140 15 20 40 10 15 30 50 0.976 0.006 0.889 0.124 1047 53 87.44 19.72
141 15 20 40 10 15 30 70 0.970 0.020 0.955 0.096 1064 74 2.33 6.50
142 15 20 40 10 20 30 30 0.983 0.008 0.901 0.122 1054 36 100.77 15.92
143 15 20 40 10 20 30 50 0.971 0.008 0.916 0.118 1057 41 38.84 10.45
144 15 20 40 10 20 30 70 0.685 0.333 0.695 0.180 879 260 0.49 0.59
145 15 20 40 15 10 30 0.55 30 0.968 0.030 0.954 0.097 1060 64 2.05 2.93
146 15 20 40 15 10 30 0.94 50 0.976 0.006 0.899 0.123 1046 40 79.36 18.63
147 15 20 40 15 10 30 1.35 70 0.976 0.006 0.908 0.121 1047 37 82.17 16.52
148 15 20 40 15 15 30 0.55 30 0.963 0.040 0.924 0.119 1069 125 59.58 10.64
149 15 20 40 15 15 30 0.94 50 0.984 0.008 0.914 0.119 1053 36 102.71 19.78
150 15 20 40 15 15 30 1.35 70 0.965 0.022 0.927 0.115 1065 104 60.95 10.78
151 15 20 40 15 20 30 0.55 30 0.979 0.015 0.896 0.124 1059 37 80.85 16.52
152 15 20 40 15 20 30 0.94 50 0.985 0.009 0.910 0.120 1063 35 55.74 12.91
153 15 20 40 15 20 30 1.35 70 0.607 0.188 0.589 0.172 816 164 51.86 10.45
154 15 20 40 20 10 30 0.41 30 0.669 0.336 0.671 0.161 874 276 0.58 0.90
155 15 20 40 20 10 30 0.69 50 0.970 0.007 0.918 0.117 1055 51 1 36.86 1 9.48
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Table A.3 Four Reactor Model, 6% Noise, Full Load Condition, Full Factorial Results (Section 4.2) Continued
%f Mean Sigma
%Vol %Vol %Vol %m %m %m Equiv into Mean Sigma Mean Sigma Exit Exit Mean Sigma
Run # 1 2 3 1 2 3 1 1 Efficiency Efficiency Stability Stability Temp Temp NOx NOx
156 15 20 40 20 10 30 0.99 70 0.983 0.007 0.908 0.121 1054 36 93.72 17.41
157 15 20 40 20 15 30 30 0.585 0.174 0.568 0.149 798 147 50.93 10.36
158 15 20 40 20 15 30 50 0.984 0.009 0.913 0.119 1062 36 61.45 13.81
159 15 20 40 20 15 30 70 0.979 0.009 0.892 0.124 1064 33 73.76 15.39
160 15 20 40 20 20 30 0.41 30 0.794 0.078 0.674 0.140 930 80 79.20 13.64
161 15 20 40 20 20 30 0.69 50 0.989 0.009 0.907 0.123 1078 39 13.32 4.91
162 15 20 40 20 20 30 0.99 70 0.804 0.088 0.687 0.157 938 85 70.33 12.53
163 20 10 40 10 10 30 0.84 30 0.979 0.007 0.965 0.087 1057 45 24.07 13.37
164 20 10 40 10 10 30 1.45 50 0.978 0.007 0.960 0.092 1045 53 68.77 15.25
165 20 10 40 10 10 30 2.11 70 0.979 0.007 0.967 0.085 1051 45 17.30 6.60
166 20 10 40 10 15 30 0.84 30 0.976 0.007 0.922 0.116 1049 51 84.26 16.21
167 20 10 40 10 15 30 1.45 50 0.977 0.006 0.927 0.114 1046 40 70.39 15.96
168 20 10 40 10 15 30 2.11 70 0.970 0.036 0.967 0.087 1058 53 1.81 1.65
169 20 10 40 10 20 30 30 0.983 0.006 0.896 0.123 1053 38 82.69 16.78
170 20 10 40 10 20 30 50 0.971 0.009 0.942 0.106 1059 72 37.16 10.81
171 20 10 40 10 20 30 70 0.675 0.332 0.655 0.136 873 261 0.51 0.67
172 20 10 40 15 10 30 0.55 30 0.967 0.038 0.967 0.085 1057 64 1.98 4.81
173 20 10 40 15 10 30 0.94 50 0.978 0.006 0.930 0.112 1050 52 88.02 18.79
174 20 10 40 15 10 30 1.35 70 0.977 0.006 0.929 0.113 1047 38 75.95 12.75
175 20 10 40 15 15 30 0.55 30 0.962 0.039 0.937 0.113 1054 84 60.91 11.90
176 20 10 40 15 15 30 0.94 50 0.984 0.006 0.902 0.122 1053 35 96.07 18.61
177 20 10 40 15 15 30 1.35 70 0.962 0.040 0.939 0.112 1051 77 58.71 10.92
178 20 10 40 15 20 30 30 0.979 0.010 0.899 0.123 1059 36 60.88 13.64
179 20 10 40 15 20 30 50 0.984 0.007 0.904 0.122 1069 34 62.50 13.72
180 20 10 40 15 20 30 70 0.556 0.149 0.542 0.116 777 123 50.66 10.48
181 20 10 40 20 10 30 30 0.688 0.332 0.687 0.170 882 258 0.41 0.55
182 20 10 40 20 10 30 50 0.971 0.008 0.940 0.107 1053 40 38.06 10.45
183 20 10 40 20 10 30 70 0.984 0.006 0.899 0.123 1055 35 98.49 16.65
184 20 10 40 20 15 30 0.41 30 0.598 0.184 0.583 0.170 808 154 50.78 11.83
185 20 10 40 20 15 30 0.69 50 0.985 0.007 0.911 0.120 1064 36 47.98 11.37
186 20 10 40 20 15 30 0.99 70 0.977 0.024 0.898 0.125 1059 51 81.62 16.31
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Table A.3 Four Reactor Model, 6% Noise, Full Load Condition, Full Factorial Results (Section 4.2) Continued
%f Mean Sigma
%Vol %Vol %Vol %m %m %m Equiv into Mean Sigma Mean Sigma Exit Exit Mean Sigma
Run # 1 2 3 1 2 3 1 1 Efficiency Efficiency Stability Stability Temp Temp NOx NOx
187 20 10 40 20 20 30 0.41 30 0.808 0.090 0.701 0.151 949 104 60.34 11.85
188 20 10 40 20 20 30 0.69 50 0.987 0.010 0.905 0.122 1077 34 12.56 4.50
189 20 10 40 20 20 30 0.99 70 0.784 0.063 0.681 0.126 923 70 79.06 13.71
190 20 15 40 10 10 30 30 0.978 0.007 0.947 0.103 1056 44 23.94 12.25
191 20 15 40 10 10 30 50 0.976 0.007 0.938 0.108 1047 62 66.56 13.50
192 20 15 40 10 10 30 70 0.978 0.007 0.945 0.104 1055 42 20.95 7.32
193 20 15 40 10 15 30 30 0.976 0.006 0.908 0.121 1047 37 82.17 16.52
194 20 15 40 10 15 30 50 0.976 0.006 0.899 0.123 1046 40 79.36 18.63
195 20 15 40 10 15 30 70 0.968 0.030 0.954 0.097 1060 64 2.05 2.93
196 20 15 40 10 20 30 30 0.983 0.007 0.908 0.121 1054 36 93.72 17.41
197 20 15 40 10 20 30 50 0.970 0.007 0.918 0.117 1055 51 36.86 9.48
198 20 15 40 10 20 30 70 0.669 0.336 0.671 0.161 874 276 0.58 0.90
199 20 15 40 15 10 30 0.55 30 0.970 0.020 0.955 0.096 1064 74 2.33 6.50
200 20 15 40 15 10 30 0.94 50 0.976 0.006 0.889 0.124 1047 53 87.44 19.72
201 20 15 40 15 10 30 1.35 70 0.975 0.006 0.894 0.124 1048 50 78.69 15.98
202 20 15 40 15 15 30 30 0.965 0.022 0.927 0.115 1065 104 60.95 10.78
203 20 15 40 15 15 30 50 0.984 0.008 0.914 0.119 1053 36 102.71 19.78
204 20 15 40 15 15 30 70 0.963 0.040 0.924 0.119 1069 125 59.58 10.64
205 20 15 40 15 20 30 0.55 30 0.979 0.009 0.892 0.124 1064 33 73.76 15.39
206 20 15 40 15 20 30 0.94 50 0.984 0.009 0.913 0.119 1062 36 61.45 13.81
207 20 15 40 15 20 30 1.35 70 0.585 0.174 0.568 0.149 798 147 50.93 10.36
208 20 15 40 20 10 30 0.41 30 0.685 0.333 0.695 0.180 879 260 0.49 0.59
209 20 15 40 20 10 30 0.69 50 0.971 0.008 0.916 0.118 1057 41 38.84 10.45
210 20 15 40 20 10 30 0.99 70 0.983 0.008 0.901 0.122 1054 36 100.77 15.92
211 20 15 40 20 15 30 30 0.607 0.188 0.589 0.172 816 164 51.86 10.45
212 20 15 40 20 15 30 50 0.985 0.009 0.910 0.120 1063 35 55.74 12.91
213 20 15 40 20 15 30 70 0.979 0.015 0.896 0.124 1059 37 80.85 16.52
214 20 15 40 20 20 30 30 0.804 0.088 0.687 0.157 938 85 70.33 12.53
215 20 15 40 20 20 30 50 0.989 0.009 0.907 0.123 1078 39 13.32 4.91
216 20 15 40 20 20 30 70 0.794 0.078 0.674 0.140 930 80 79.20 13.64
217 20 20 40 10 10 30 0.84 30 0.978 0.013 0.953 0.098 1050 46 23.40 8.95
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Table A.3 Four Reactor Model, 6% Noise, Full Load Condition, Full Factorial Results (Section 4.2) Continued
%f Mean Sigma
%Vol %Vol %Vol %m %m %m Equiv into Mean Sigma Mean Sigma Exit Exit Mean Sigma
Run # 1 2 3 1 2 3 1 1 Efficiency Efficiency Stability Stability Temp Temp NOx NOx
218 20 20 40 10 10 30 1.45 50 0.976 0.006 0.929 0.113 1044 54 66.68 12.10
219 20 20 40 10 10 30 2.11 70 0.978 0.007 0.952 0.098 1054 45 23.26 8.52
220 20 20 40 10 15 30 0.84 30 0.975 0.006 0.894 0.124 1045 38 81.69 16.18
221 20 20 40 10 15 30 1.45 50 0.976 0.006 0.895 0.123 1049 42 86.77 19.81
222 20 20 40 10 15 30 2.11 70 0.970 0.009 0.957 0.094 1060 66 1.93 0.96
223 20 20 40 10 20 30 30 0.984 0.008 0.943 0.105 1055 36 103.85 17.67
224 20 20 40 10 20 30 50 0.969 0.009 0.902 0.122 1061 91 37.35 10.29
225 20 20 40 10 20 30 70 0.692 0.330 0.685 0.170 888 261 0.57 0.71
226 20 20 40 15 10 30 30 0.970 0.009 0.957 0.094 1060 66 1.93 0.96
227 20 20 40 15 10 30 50 0.976 0.006 0.895 0.123 1049 42 86.77 19.81
228 20 20 40 15 10 30 70 0.975 0.006 0.894 0.124 1045 38 81.69 16.18
229 20 20 40 15 15 30 0.55 30 0.963 0.037 0.916 0.121 1051 75 59.78 9.37
230 20 20 40 15 15 30 0.94 50 0.986 0.008 0.958 0.094 1055 38 110.93 21.47
231 20 20 40 15 15 30 1.35 70 0.964 0.023 0.913 0.120 1066 113 58.90 11.81
232 20 20 40 15 20 30 0.55 30 0.981 0.011 0.930 0.112 1061 36 81.90 14.48
233 20 20 40 15 20 30 0.94 50 0.987 0.007 0.950 0.100 1067 39 63.30 14.83
234 20 20 40 15 20 30 1.35 70 0.607 0.193 0.593 0.176 815 157 51.37 10.31
235 20 20 40 20 10 30 0.41 30 0.692 0.330 0.685 0.170 888 261 0.57 0.71
236 20 20 40 20 10 30 0.69 50 0.969 0.009 0.902 0.122 1061 91 37.35 10.29
237 20 20 40 20 10 30 0.99 70 0.984 0.008 0.943 0.105 1055 36 103.85 17.67
238 20 20 40 20 15 30 30 0.607 0.193 0.593 0.176 815 157 51.37 10.31
239 20 20 40 20 15 30 50 0.987 0.007 0.950 0.100 1067 39 63.30 14.83
240 20 20 40 20 15 30 70 0.981 0.011 0.930 0.112 1061 36 81.90 14.48
241 20 20 40 20 20 30 0.41 30 0.813 0.089 0.704 0.160 948 90 80.00 13.36
242 20 20 40 20 20 30 0.69 50 0.992 0.005 0.895 0.125 1078 49 13.54 5.19
243 20 20 40 20 20 30 0.99 70 0.817 0.090 0.709 0.158 952 89 80.72 13.57
Stability is the number of reactors with a flame (if there is a flame = 1 and no flame = 0) and Sigma is the standard deviation.
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Table A.4 Four Reactor Model, 6% Noise, No Load Condition, Full Factorial Results (Section 4.2)
%f Mean Sigma Mean Sigma
Run %Vol %Vol %Vol %m %m %m Equiv into Mean Sigma Stabilit Stabilit Exit Exit Mean Sigma
# 1 2 3 1 2 3 1 1 Efficiency Efficiency y y Temp Temp NOx NOx
1 10 10 40 10 10 30 0.84 30 0.72 0.04 0.50 0.03 632 61 11.1 4.4
2 10 10 40 10 10 30 1.45 50 0.97 0.04 0.76 0.06 769 250 1.5 2.6
3 10 10 40 10 10 30 2.11 70 0.71 0.04 0.50 0.01 629 33 12.1 5.3
4 10 10 40 10 15 30 0.84 30 0.65 0.18 0.47 0.13 624 66 0.4 0.4
5 10 10 40 10 15 30 1.45 50 0.52 0.08 0.51 0.04 585 38 0.7 0.4
6 10 10 40 10 15 30 2.11 70 0.72 0.04 0.50 0.00 631 29 11.9 5.0
7 10 10 40 10 20 30 0.84 30 0.03 0.14 0.02 0.10 440 83 0.0 0.3
8 10 10 40 10 20 30 1.45 50 0.51 0.05 0.50 0.00 578 29 0.7 0.4
9 10 10 40 10 20 30 2.11 70 0.71 0.05 0.50 0.00 631 29 11.9 4.8
10 10 10 40 15 10 30 30 0.72 0.04 0.50 0.00 631 29 11.9 5.0
11 10 10 40 15 10 30 50 0.52 0.08 0.51 0.04 585 38 0.7 0.4
12 10 10 40 15 10 30 70 0.65 0.18 0.47 0.13 624 66 0.4 0.4
13 10 10 40 15 15 30 0.55 30 0.66 0.17 0.47 0.12 626 68 0.5 0.5
14 10 10 40 15 15 30 0.94 50 0.02 0.12 0.02 0.09 438 78 0.0 0.4
15 10 10 40 15 15 30 1.35 70 0.65 0.19 0.46 0.13 627 94 0.5 0.5
16 10 10 40 15 20 30 0.55 30 0.02 0.12 0.01 0.08 438 79 0.0 0.3
17 10 10 40 15 20 30 0.94 50 0.02 0.09 0.01 0.07 436 85 0.0 0.4
18 10 10 40 15 20 30 1.35 70 0.66 0.16 0.47 0.11 628 79 0.5 0.5
19 10 10 40 20 10 30 30 0.71 0.05 0.50 0.00 631 29 11.9 4.8
20 10 10 40 20 10 30 50 0.51 0.05 0.50 0.00 578 29 0.7 0.4
21 10 10 40 20 10 30 70 0.03 0.14 0.02 0.10 440 83 0.0 0.3
22 10 10 40 20 15 30 30 0.66 0.16 0.47 0.11 628 79 0.5 0.5
23 10 10 40 20 15 30 50 0.02 0.09 0.01 0.07 436 85 0.0 0.4
24 10 10 40 20 15 30 70 0.02 0.12 0.01 0.08 438 79 0.0 0.3
25 10 10 40 20 20 30 0.41 30 0.02 0.11 0.01 0.07 436 77 0.0 0.3
26 10 10 40 20 20 30 0.69 50 0.00 0.00 0.00 0.00 428 27 0.0 0.1
27 10 10 40 20 20 30 0.99 70 0.03 0.13 0.02 0.08 444 120 0.1 0.7
28 10 15 40 10 10 30 0.84 30 0.72 0.04 0.50 0.01 633 32 13.9 6.2
29 10 15 40 10 10 30 1.45 50 0.98 0.02 0.76 0.05 768 240 1.6 3.2
30 10 15 40 10 10 30 2.11 70 0.72 0.04 0.50 0.02 632 31 11.7 4.9
31 10 15 40 10 15 30 0.84 30 0.68 0.13 0.48 0.09 631 50 0.5 0.4
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Table A.4 Four Reactor Model, 6% Noise, No Load Condition, Full Factorial Results (Section 4.2) Continued
%f Mean Sigma Mean Sigma
Run %Vol %Vol %Vol %m %m %m Equiv into Efficien Sigma Mean Stabilit Exit Exit Mean Sigma
# 1 2 3 1 2 3 1 1 cy Efficiency Stability y Temp Temp NOx NOx
32 10 15 40 10 15 30 1.45 50 0.53 0.09 0.51 0.06 587 71 0.7 0.4
33 10 15 40 10 15 30 2.11 70 0.71 0.04 0.50 0.00 631 31 11.9 5.1
34 10 15 40 10 20 30 0.84 30 0.07 0.22 0.05 0.14 462 142 0.1 0.8
35 10 15 40 10 20 30 1.45 50 0.51 0.06 0.50 0.04 578 31 0.7 0.4
36 10 15 40 10 20 30 2.11 70 0.72 0.05 0.50 0.00 630 30 11.7 4.9
37 10 15 40 15 10 30 0.55 30 0.71 0.04 0.50 0.00 630 31 14.2 6.5
38 10 15 40 15 10 30 0.94 50 0.53 0.08 0.51 0.04 588 87 0.8 0.5
39 10 15 40 15 10 30 1.35 70 0.66 0.16 0.48 0.11 625 58 0.5 0.4
40 10 15 40 15 15 30 0.55 30 0.69 0.10 0.49 0.06 631 40 0.5 0.4
41 10 15 40 15 15 30 0.94 50 0.04 0.14 0.03 0.12 443 92 0.0 0.5
42 10 15 40 15 15 30 1.35 70 0.66 0.16 0.47 0.11 627 65 0.5 0.4
43 10 15 40 15 20 30 30 0.06 0.20 0.04 0.13 457 126 0.1 0.7
44 10 15 40 15 20 30 50 0.02 0.11 0.01 0.07 442 122 0.1 0.7
45 10 15 40 15 20 30 70 0.65 0.19 0.46 0.13 624 83 0.4 0.4
46 10 15 40 20 10 30 0.41 30 0.72 0.05 0.50 0.00 631 30 14.2 6.3
47 10 15 40 20 10 30 0.69 50 0.51 0.05 0.50 0.02 580 30 0.7 0.4
48 10 15 40 20 10 30 0.99 70 0.03 0.12 0.02 0.10 435 50 0.0 0.0
49 10 15 40 20 15 30 0.41 30 0.68 0.12 0.49 0.08 632 72 0.5 0.4
50 10 15 40 20 15 30 0.69 50 0.03 0.11 0.02 0.11 436 49 0.0 0.0
51 10 15 40 20 15 30 0.99 70 0.03 0.12 0.02 0.09 438 53 0.0 0.0
52 10 15 40 20 20 30 0.41 30 0.06 0.20 0.04 0.13 455 121 0.1 0.7
53 10 15 40 20 20 30 0.69 50 0.00 0.00 0.00 0.00 428 25 0.0 0.0
54 10 15 40 20 20 30 0.99 70 0.03 0.14 0.02 0.10 440 84 0.0 0.4
55 10 20 40 10 10 30 30 0.72 0.04 0.50 0.02 631 31 15.4 7.1
56 10 20 40 10 10 30 50 0.98 0.02 0.76 0.05 760 222 1.8 4.4
57 10 20 40 10 10 30 70 0.72 0.05 0.50 0.04 634 62 11.6 5.0
58 10 20 40 10 15 30 30 0.70 0.07 0.50 0.04 637 34 0.6 0.4
59 10 20 40 10 15 30 50 0.55 0.12 0.52 0.07 592 75 0.7 0.4
60 10 20 40 10 15 30 70 0.71 0.04 0.50 0.00 629 30 11.4 4.6
61 10 20 40 10 20 30 0.84 30 0.10 0.26 0.07 0.17 478 171 0.2 0.9
62 10 20 40 10 20 30 1.45 50 0.51 0.05 0.51 0.04 579 28 0.6 0.4
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Table A.4 Four Reactor Model, 6% Noise, No Load Condition, Full Factorial Results (Section 4.2) Continued
%f Mean Mean Sigma Mean Sigma
Run %Vol %Vol %Vol %m %m %m Equiv into Efficien Sigma Stabilit Stabilit Exit Exit Mean Sigma
# 1 2 3 1 2 3 1 1 cy Efficiency y y Temp Temp NOx NOx
63 10 20 40 10 20 30 2.11 70 0.71 0.05 0.50 0.00 630 30 11.6 4.5
64 10 20 40 15 10 30 30 0.72 0.04 0.50 0.00 630 31 15.6 7.0
65 10 20 40 15 10 30 50 0.53 0.08 0.51 0.05 589 87 0.9 0.5
66 10 20 40 15 10 30 70 0.65 0.19 0.47 0.14 622 68 0.5 0.9
67 10 20 40 15 15 30 30 0.70 0.09 0.49 0.06 634 39 0.6 0.4
68 10 20 40 15 15 30 50 0.06 0.17 0.05 0.15 451 105 0.1 0.7
69 10 20 40 15 15 30 70 0.66 0.17 0.47 0.12 627 86 0.5 0.5
70 10 20 40 15 20 30 30 0.08 0.23 0.06 0.16 462 123 0.1 0.5
71 10 20 40 15 20 30 50 0.03 0.13 0.02 0.10 447 121 0.1 0.8
72 10 20 40 15 20 30 70 0.65 0.18 0.47 0.12 622 81 0.4 0.4
73 10 20 40 20 10 30 0.41 30 0.72 0.06 0.50 0.02 635 82 16.0 7.0
74 10 20 40 20 10 30 0.69 50 0.51 0.05 0.51 0.04 581 29 0.8 0.5
75 10 20 40 20 10 30 0.99 70 0.04 0.14 0.03 0.12 444 104 0.0 0.4
76 10 20 40 20 15 30 0.41 30 0.70 0.09 0.49 0.05 636 36 0.6 0.4
77 10 20 40 20 15 30 0.69 50 0.03 0.12 0.02 0.11 439 74 0.0 0.3
78 10 20 40 20 15 30 0.99 70 0.04 0.15 0.02 0.10 441 83 0.0 0.4
79 10 20 40 20 20 30 30 0.08 0.23 0.05 0.15 467 163 0.1 0.7
80 10 20 40 20 20 30 50 0.00 0.00 0.00 0.00 428 27 0.0 0.0
81 10 20 40 20 20 30 70 0.03 0.13 0.02 0.09 437 51 0.0 0.6
82 15 10 40 10 10 30 30 0.72 0.04 0.50 0.02 632 31 11.7 4.9
83 15 10 40 10 10 30 50 0.98 0.02 0.76 0.05 768 240 1.6 3.2
84 15 10 40 10 10 30 70 0.72 0.04 0.50 0.01 633 32 13.9 6.2
85 15 10 40 10 15 30 30 0.66 0.16 0.48 0.11 625 58 0.5 0.4
86 15 10 40 10 15 30 50 0.53 0.08 0.51 0.04 588 87 0.8 0.5
87 15 10 40 10 15 30 70 0.71 0.04 0.50 0.00 630 31 14.2 6.5
88 15 10 40 10 20 30 30 0.03 0.12 0.02 0.10 435 50 0.0 0.0
89 15 10 40 10 20 30 50 0.51 0.05 0.50 0.02 580 30 0.7 0.4
90 15 10 40 10 20 30 70 0.72 0.05 0.50 0.00 631 30 14.2 6.3
91 15 10 40 15 10 30 30 0.71 0.04 0.50 0.00 631 31 11.9 5.1
92 15 10 40 15 10 30 50 0.53 0.09 0.51 0.06 587 71 0.7 0.4
93 15 10 40 15 10 30 70 0.68 0.13 0.48 0.09 631 50 0.5 0.4
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Table A.4 Four Reactor Model, 6% Noise, No Load Condition, Full Factorial Results (Section 4.2) Continued
%f Mean Mean Sigma Mean Sigma
Run %Vol %Vol %Vol %m %m %m Equiv into Efficien Sigma Stabilit Stabilit Exit Exit Mean Sigma
# 1 2 3 1 2 3 1 1 cy Efficiency y y Temp Temp NOx NOx
94 15 10 40 15 15 30 30 0.66 0.16 0.47 0.11 627 65 0.5 0.4
95 15 10 40 15 15 30 50 0.04 0.14 0.03 0.12 443 92 0.0 0.5
96 15 10 40 15 15 30 70 0.69 0.10 0.49 0.06 631 40 0.5 0.4
97 15 10 40 15 20 30 30 0.03 0.12 0.02 0.09 438 53 0.0 0.0
98 15 10 40 15 20 30 50 0.03 0.11 0.02 0.11 436 49 0.0 0.0
99 15 10 40 15 20 30 70 0.68 0.12 0.49 0.08 632 72 0.5 0.4
100 15 10 40 20 10 30 30 0.72 0.05 0.50 0.00 630 30 11.7 4.9
101 15 10 40 20 10 30 50 0.51 0.06 0.50 0.04 578 31 0.7 0.4
102 15 10 40 20 10 30 70 0.07 0.22 0.05 0.14 462 142 0.1 0.8
103 15 10 40 20 15 30 0.41 30 0.65 0.19 0.46 0.13 624 83 0.4 0.4
104 15 10 40 20 15 30 0.69 50 0.02 0.11 0.01 0.07 442 122 0.1 0.7
105 15 10 40 20 15 30 0.99 70 0.06 0.20 0.04 0.13 457 126 0.1 0.7106 15 10 40 20 20 30 30 0.03 0.14 0.02 0.10 440 84 0.0 0.4
107 15 10 40 20 20 30 50 0.00 0.00 0.00 0.00 428 25 0.0 0.0
108 15 10 40 20 20 30 70 0.06 0.20 0.04 0.13 455 121 0.1 0.7
109 15 15 40 10 10 30 0.84 30 0.72 0.04 0.50 0.03 630 33 14.1 6.3
110 15 15 40 10 10 30 1.45 50 0.98 0.02 0.76 0.06 776 255 1.8 3.6
111 15 15 40 10 10 30 2.11 70 0.72 0.05 0.50 0.03 633 33 14.1 6.2
112 15 15 40 10 15 30 30 0.69 0.12 0.49 0.08 635 45 0.6 0.4
113 15 15 40 10 15 30 50 0.54 0.10 0.52 0.07 594 89 0.8 0.5
114 15 15 40 10 15 30 70 0.72 0.04 0.50 0.00 631 30 14.6 6.5
115 15 15 40 10 20 30 0.84 30 0.09 0.24 0.06 0.16 471 158 0.2 1.0
116 15 15 40 10 20 30 1.45 50 0.51 0.05 0.50 0.03 584 85 0.8 0.5
117 15 15 40 10 20 30 2.11 70 0.72 0.05 0.50 0.00 631 29 14.0 6.2
118 15 15 40 15 10 30 0.55 30 0.72 0.04 0.50 0.00 631 30 14.6 6.5
119 15 15 40 15 10 30 0.94 50 0.54 0.10 0.52 0.07 594 89 0.8 0.5
120 15 15 40 15 10 30 1.35 70 0.69 0.12 0.49 0.08 635 45 0.6 0.4
121 15 15 40 15 15 30 0.55 30 0.70 0.08 0.50 0.04 635 37 0.6 0.4
122 15 15 40 15 15 30 0.94 50 0.06 0.19 0.05 0.15 460 132 0.1 0.8
123 15 15 40 15 15 30 1.35 70 0.69 0.11 0.49 0.07 633 69 0.5 0.4
124 15 15 40 15 20 30 30 0.08 0.24 0.05 0.15 474 181 0.2 1.3
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Table A.4 Four Reactor Model, 6% Noise, No Load Condition, Full Factorial Results (Section 4.2) Continued
%f Mean Mean Sigma Mean Sigma
Run %Vol %Vol %Vol %m %m %m Equiv into Efficien Sigma Stabilit Stabilit Exit Exit Mean Sigma
# 1 2 3 1 2 3 1 1 cy Efficiency y y Temp Temp NOx NOx
125 15 15 40 15 20 30 50 0.03 0.12 0.03 0.11 440 78 0.0 0.5
126 15 15 40 15 20 30 70 0.68 0.14 0.49 0.09 632 73 0.5 0.4
127 15 15 40 20 10 30 30 0.72 0.05 0.50 0.00 631 29 14.0 6.2
128 15 15 40 20 10 30 50 0.51 0.05 0.50 0.03 584 85 0.8 0.5
129 15 15 40 20 10 30 70 0.09 0.24 0.06 0.16 471 158 0.2 1.0
130 15 15 40 20 15 30 0.41 30 0.68 0.14 0.49 0.09 632 73 0.5 0.4
131 15 15 40 20 15 30 0.69 50 0.03 0.12 0.03 0.11 440 78 0.0 0.5
132 15 15 40 20 15 30 0.99 70 0.08 0.24 0.05 0.15 474 181 0.2 1.3
133 15 15 40 20 20 30 0.41 30 0.05 0.18 0.03 0.13 450 118 0.1 0.6
134 15 15 40 20 20 30 0.69 50 0.00 0.00 0.00 0.00 428 25 0.0 0.1
135 15 15 40 20 20 30 0.99 70 0.05 0.19 0.03 0.12 454 134 0.1 0.7
136 15 20 40 10 10 30 0.84 30 0.72 0.05 0.50 0.03 635 34 15.6 6.9
137 15 20 40 10 10 30 1.45 50 0.99 0.01 0.76 0.04 744 167 1.9 3.3
138 15 20 40 10 10 30 2.11 70 0.72 0.05 0.50 0.03 632 34 13.8 6.0
139 15 20 40 10 15 30 30 0.70 0.10 0.49 0.07 636 68 0.6 0.4
140 15 20 40 10 15 30 50 0.54 0.11 0.52 0.07 594 91 0.8 0.5
141 15 20 40 10 15 30 70 0.72 0.04 0.50 0.00 631 31 13.8 6.1
142 15 20 40 10 20 30 30 0.14 0.30 0.09 0.19 498 197 0.3 1.5
143 15 20 40 10 20 30 50 0.51 0.05 0.50 0.03 579 29 0.7 0.5
144 15 20 40 10 20 30 70 0.72 0.05 0.50 0.01 632 60 13.3 5.6
145 15 20 40 15 10 30 0.55 30 0.72 0.04 0.50 0.00 631 30 16.1 7.6
146 15 20 40 15 10 30 0.94 50 0.53 0.08 0.51 0.06 586 68 0.8 0.7
147 15 20 40 15 10 30 1.35 70 0.70 0.09 0.50 0.07 640 69 0.6 0.4
148 15 20 40 15 15 30 0.55 30 0.70 0.06 0.50 0.03 637 35 0.6 0.4
149 15 20 40 15 15 30 0.94 50 0.08 0.22 0.07 0.18 467 136 0.1 0.8
150 15 20 40 15 15 30 1.35 70 0.69 0.10 0.49 0.06 634 41 0.6 0.4
151 15 20 40 15 20 30 0.55 30 0.08 0.23 0.05 0.15 462 119 0.1 0.6
152 15 20 40 15 20 30 0.94 50 0.04 0.15 0.03 0.12 448 113 0.1 0.8
153 15 20 40 15 20 30 1.35 70 0.69 0.11 0.49 0.07 636 68 0.6 0.4
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Table A.4 Four Reactor Model, 6% Noise, No Load Condition, Full Factorial Results (Section 4.2) Continued
%f Mean Mean Sigma Mean Sigma
Run %Vol %Vol %Vol %m %m %m Equiv into Efficien Sigma Stabilit Stabilit Exit Exit Mean Sigma
# 1 2 3 1 2 3 1 1 cy Efficiency y y Temp Temp NOx NOx
154 15 20 40 20 10 30 0.41 30 0.72 0.05 0.50 0.00 632 31 15.4 6.9
155 15 20 40 20 10 30 0.69 50 0.51 0.05 0.51 0.04 581 30 0.8 0.5
156 15 20 40 20 10 30 0.99 70 0.08 0.23 0.05 0.15 469 162 0.2 0.9
157 15 20 40 20 15 30 30 0.69 0.10 0.49 0.06 634 41 0.6 0.4
158 15 20 40 20 15 30 50 0.04 0.14 0.03 0.12 442 67 0.1 0.7
159 15 20 40 20 15 30 70 0.07 0.22 0.04 0.14 470 174 0.2 1.2
160 15 20 40 20 20 30 0.41 30 0.07 0.21 0.05 0.14 456 115 0.0 0.4
161 15 20 40 20 20 30 0.69 50 0.00 0.00 0.00 0.00 430 26 0.0 0.0
162 15 20 40 20 20 30 0.99 70 0.07 0.22 0.04 0.14 465 162 0.2 1.0
163 20 10 40 10 10 30 0.84 30 0.72 0.05 0.50 0.04 634 62 11.6 5.0
164 20 10 40 10 10 30 1.45 50 0.98 0.02 0.76 0.05 760 222 1.8 4.4
165 20 10 40 10 10 30 2.11 70 0.72 0.04 0.50 0.02 631 31 15.4 7.1
166 20 10 40 10 15 30 0.84 30 0.65 0.19 0.47 0.14 622 68 0.5 0.9
167 20 10 40 10 15 30 1.45 50 0.53 0.08 0.51 0.05 589 87 0.9 0.5
168 20 10 40 10 15 30 2.11 70 0.72 0.04 0.50 0.00 630 31 15.6 7.0
169 20 10 40 10 20 30 30 0.04 0.14 0.03 0.12 444 104 0.0 0.4
170 20 10 40 10 20 30 50 0.51 0.05 0.51 0.04 581 29 0.8 0.5
171 20 10 40 10 20 30 70 0.72 0.06 0.50 0.02 635 82 16.0 7.0
172 20 10 40 15 10 30 0.55 30 0.71 0.04 0.50 0.00 629 30 11.4 4.6
173 20 10 40 15 10 30 0.94 50 0.55 0.12 0.52 0.07 592 75 0.7 0.4
174 20 10 40 15 10 30 1.35 70 0.70 0.07 0.50 0.04 637 34 0.6 0.4
175 20 10 40 15 15 30 0.55 30 0.66 0.17 0.47 0.12 627 86 0.5 0.5
176 20 10 40 15 15 30 0.94 50 0.06 0.17 0.05 0.15 451 105 0.1 0.7
177 20 10 40 15 15 30 1.35 70 0.70 0.09 0.49 0.06 634 39 0.6 0.4
178 20 10 40 15 20 30 30 0.04 0.15 0.02 0.10 441 83 0.0 0.4
179 20 10 40 15 20 30 50 0.03 0.12 0.02 0.11 439 74 0.0 0.3
180 20 10 40 15 20 30 70 0.70 0.09 0.49 0.05 636 36 0.6 0.4
181 20 10 40 20 10 30 30 0.71 0.05 0.50 0.00 630 30 11.6 4.5
182 20 10 40 20 10 30 50 0.51 0.05 0.51 0.04 579 28 0.6 0.4
183 20 10 40 20 10 30 70 0.10 0.26 0.07 0.17 478 171 0.2 0.9
184 20 10 40 20 15 30 0.41 30 0.65 0.18 0.47 0.12 622 81 0.4 0.4
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Table A.4 Four Reactor Model, 6% Noise, No Load Condition, Full Factorial Results (Section 4.2) Continued
%f Mean Mean Sigma Mean Sigma
Run %Vol %Vol %Vol %m %m %m Equiv into Efficien Sigma Stabilit Stabilit Exit Exit Mean Sigma
# 1 2 3 1 2 3 1 1 cy Efficiency y y Temp Temp NOx NOx
185 20 10 40 20 15 30 0.69 50 0.03 0.13 0.02 0.10 447 121 0.1 0.8
186 20 10 40 20 15 30 0.99 70 0.08 0.23 0.06 0.16 462 123 0.1 0.5
187 20 10 40 20 20 30 0.41 30 0.03 0.13 0.02 0.09 437 51 0.0 0.6
188 20 10 40 20 20 30 0.69 50 0.00 0.00 0.00 0.00 428 27 0.0 0.0
189 20 10 40 20 20 30 0.99 70 0.08 0.23 0.05 0.15 467 163 0.1 0.7
190 20 15 40 10 10 30 30 0.72 0.05 0.50 0.03 632 34 13.8 6.0
191 20 15 40 10 10 30 50 0.99 0.01 0.76 0.04 744 167 1.9 3.3
192 20 15 40 10 10 30 70 0.72 0.05 0.50 0.03 635 34 15.6 6.9
193 20 15 40 10 15 30 30 0.70 0.09 0.50 0.07 640 69 0.6 0.4
194 20 15 40 10 15 30 50 0.53 0.08 0.51 0.06 586 68 0.8 0.7
195 20 15 40 10 15 30 70 0.72 0.04 0.50 0.00 631 30 16.1 7.6
196 20 15 40 10 20 30 30 0.08 0.23 0.05 0.15 469 162 0.2 0.9
197 20 15 40 10 20 30 50 0.51 0.05 0.51 0.04 581 30 0.8 0.5
198 20 15 40 10 20 30 70 0.72 0.05 0.50 0.00 632 31 15.4 6.9
199 20 15 40 15 10 30 0.55 30 0.72 0.04 0.50 0.00 631 31 13.8 6.1
200 20 15 40 15 10 30 0.94 50 0.54 0.11 0.52 0.07 594 91 0.8 0.5
201 20 15 40 15 10 30 1.35 70 0.70 0.10 0.49 0.07 636 68 0.6 0.4
202 20 15 40 15 15 30 30 0.69 0.10 0.49 0.06 634 41 0.6 0.4
203 20 15 40 15 15 30 50 0.08 0.22 0.07 0.18 467 136 0.1 0.8
204 20 15 40 15 15 30 70 0.70 0.06 0.50 0.03 637 35 0.6 0.4
205 20 15 40 15 20 30 0.55 30 0.07 0.22 0.04 0.14 470 174 0.2 1.2
206 20 15 40 15 20 30 0.94 50 0.04 0.14 0.03 0.12 442 67 0.1 0.7
207 20 15 40 15 20 30 1.35 70 0.69 0.10 0.49 0.06 634 41 0.6 0.4
208 20 15 40 20 10 30 0.41 30 0.72 0.05 0.50 0.01 632 60 13.3 5.6
209 20 15 40 20 10 30 0.69 50 0.51 0.05 0.50 0.03 579 29 0.7 0.5
210 20 15 40 20 10 30 0.99 70 0.14 0.30 0.09 0.19 498 197 0.3 1.5
211 20 15 40 20 15 30 30 0.69 0.11 0.49 0.07 636 68 0.6 0.4
212 20 15 40 20 15 30 50 0.04 0.15 0.03 0.12 448 113 0.1 0.8
213 20 15 40 20 15 30 70 0.08 0.23 0.05 0.15 462 119 0.1 0.6
214 20 15 40 20 20 30 30 0.07 0.22 0.04 0.14 465 162 0.2 1.0
215 20 15 40 20 20 30 50 0.00 0.00 0.00 0.00 430 26 0.0 0.0
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Table A.4 Four Reactor Model, 6% Noise, No Load Condition, Full Factorial Results (Section 4.2) Continued
%f Mean Mean Sigma Mean Sigma
Run %Vol %Vol %Vol %m %m %m Equiv into Efficien Sigma Stabilit Stabilit Exit Exit Mean Sigma
# 1 2 3 1 2 3 1 1 cy Efficiency y y Temp Temp NOx NOx
216 20 15 40 20 20 30 70 0.07 0.21 0.05 0.14 456 115 0.0 0.4
217 20 20 40 10 10 30 0.84 30 0.72 0.05 0.51 0.04 639 82 16.0 7.3
218 20 20 40 10 10 30 1.45 50 0.99 0.02 0.76 0.05 752 187 1.8 2.0
219 20 20 40 10 10 30 2.11 70 0.73 0.06 0.51 0.05 635 65 15.6 6.9
220 20 20 40 10 15 30 0.84 30 0.70 0.10 0.50 0.07 638 71 0.6 0.5
221 20 20 40 10 15 30 1.45 50 0.55 0.12 0.52 0.07 596 94 0.8 0.6
222 20 20 40 10 15 30 2.11 70 0.72 0.04 0.50 0.00 631 31 16.1 7.0
223 20 20 40 10 20 30 30 0.12 0.27 0.08 0.19 482 152 0.3 1.5
224 20 20 40 10 20 30 50 0.51 0.05 0.50 0.02 580 29 0.8 0.6
225 20 20 40 10 20 30 70 0.72 0.05 0.50 0.00 630 29 15.9 7.6
226 20 20 40 15 10 30 30 0.72 0.04 0.50 0.00 631 31 16.1 7.0
227 20 20 40 15 10 30 50 0.55 0.12 0.52 0.07 596 94 0.8 0.6
228 20 20 40 15 10 30 70 0.70 0.10 0.50 0.07 638 71 0.6 0.5
229 20 20 40 15 15 30 0.55 30 0.70 0.09 0.50 0.05 643 113 0.6 0.6
230 20 20 40 15 15 30 0.94 50 0.10 0.24 0.08 0.19 474 146 0.2 1.5
231 20 20 40 15 15 30 1.35 70 0.69 0.08 0.50 0.05 637 48 0.6 0.5
232 20 20 40 15 20 30 0.55 30 0.14 0.30 0.08 0.19 508 225 0.5 1.8
233 20 20 40 15 20 30 0.94 50 0.05 0.17 0.04 0.13 456 129 0.4 2.3
234 20 20 40 15 20 30 1.35 70 0.69 0.10 0.49 0.06 633 43 0.6 0.6
235 20 20 40 20 10 30 0.41 30 0.72 0.05 0.50 0.00 630 29 15.9 7.6
236 20 20 40 20 10 30 0.69 50 0.51 0.05 0.50 0.02 580 29 0.8 0.6
237 20 20 40 20 10 30 0.99 70 0.12 0.27 0.08 0.19 482 152 0.3 1.5
238 20 20 40 20 15 30 30 0.69 0.10 0.49 0.06 633 43 0.6 0.6
239 20 20 40 20 15 30 50 0.05 0.17 0.04 0.13 456 129 0.4 2.3
240 20 20 40 20 15 30 70 0.14 0.30 0.08 0.19 508 225 0.5 1.8
241 20 20 40 20 20 30 0.41 30 0.09 0.24 0.06 0.16 469 140 0.2 1.5
242 20 20 40 20 20 30 0.69 50 0.01 0.10 0.01 0.05 439 106 0.3 2.1
243 20 20 40 20 20 30 1 0.99 70 0.07 0.21 0.05 0.15 455 88 0.1 0.6
Stability is the number of reactors with a flame (if there is a flame = 1 and no flame = 0) and Sigma is the standard deviation.
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Table A.5 Five Reactor Model, 6% Noise, Full Load Condition, Configuration 1 Full Factorial Results (Section 4.
% % % % %fro %f Mean Sigma Sigm
Ru m m m m m 1 %from Equiv into Mean Sigma Mean Sigma Exit Exit Mean a
n # 1 2 3 4 to 3 2 to 3 1 1 Efficiency Efficiency Stability Stability Temp Temp NOx NOx
1 15 15 10 10 40 40 1.35 70 0.982 0.01 0.98 0.06 1055 42 65 13
2 15 15 10 10 40 50 1.35 70 0.982 0.01 0.97 0.07 1057 37 66 10
3 15 15 10 10 40 60 1.35 70 0.982 0.01 0.97 0.07 1054 37 66 15
4 15 15 10 10 50 40 1.35 70 0.982 0.01 0.97 0.07 1057 38 65 10
5 15 15 10 10 50 50 1.35 70 0.982 0.01 0.97 0.07 1058 40 66 8
6 15 15 10 10 50 60 1.35 70 0.983 0.01 0.97 0.07 1057 39 67 19
7 15 15 10 10 60 40 1.35 70 0.982 0.01 0.97 0.07 1058 39 66 14
8 15 15 10 10 60 50 1.35 70 0.982 0.01 0.97 0.07 1058 37 66 16
9 15 15 10 10 60 60 1.35 70 0.981 0.01 0.98 0.06 1054 39 66 15
10 15 15 10 15 40 40 1.35 70 0.974 0.01 0.97 0.07 1051 40 63 10
11 15 15 10 15 40 50 1.35 70 0.973 0.02 0.97 0.07 1056 52 65 14
12 15 15 10 15 40 60 1.35 70 0.973 0.02 0.97 0.07 1054 56 65 15
13 15 15 10 15 50 40 1.35 70 0.972 0.01 0.97 0.07 1053 42 65 18
14 15 15 10 15 50 50 1.35 70 0.971 0.02 0.98 0.06 1055 54 65 16
15 15 15 10 15 50 60 1.35 70 0.969 0.01 0.98 0.06 1050 47 65 17
16 15 15 10 15 60 40 1.35 70 0.964 0.02 0.98 0.06 1049 43 65 14
17 15 15 10 15 60 50 1.35 70 0.958 0.02 0.98 0.06 1041 48 64 17
18 15 15 10 15 60 60 1.35 70 0.954 0.02 0.99 0.04 1037 45 65 17
19 15 15 10 20 40 40 1.35 70 0.946 0.04 0.98 0.07 1039 66 63 15
20 15 15 10 20 40 50 1.35 70 0.945 0.03 0.99 0.05 1035 54 63 13
21 15 15 10 20 40 60 1.35 70 0.938 0.04 0.98 0.06 1031 54 62 14
22 15 15 10 20 50 40 1.35 70 0.932 0.03 0.99 0.05 1022 50 60 11
23 15 15 10 20 50 50 1.35 70 0.926 0.03 0.99 0.04 1021 50 60 12
24 15 15 10 20 50 60 1.35 70 0.918 0.03 0.99 0.04 1019 50 60 12
25 15 15 10 20 60 40 1.35 70 0.925 0.02 0.99 0.04 1018 44 61 11
26 15 15 10 20 60 50 1.35 70 0.921 0.02 1.00 0.03 1016 44 60 8
27 15 15 10 20 60 60 1.35 70 0.916 0.02 1.00 0.02 1012 43 60 9
28 15 15 15 10 40 40 1.35 70 0.955 0.02 0.98 0.05 1040 49 64 18
29 15 15 15 10 40 50 1.35 70 0.960 0.02 0.98 0.05 1041 53 64 14
30 15 15 15 10 40 60 1.35 70 0.964 0.02 0.98 0.06 1046 44 66 18
31 15 15 15 10 50 40 1.35 70 0.970 0.01 0.97 0.07 1052 51 65 15
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Table A.5 Five Reactor Model, 6% Noise, Full Load Conditioi, Configuration 1 Full Factorial Results (Section 4.3) Cont.
% % % % %fro %f Mean Sigma Sigm
Ru m m m m m 1 %from Equiv into Mean Sigma Mean Sigma Exit Exit Mean a
n # 1 2 3 4 to 3 2 to 3 1 1 Efficiency Efficiency Stability Stability Temp Temp NOx NOx
32 15 15 15 10 50 50 1.35 70 0.971 0.01 0.97 0.07 1050 49 65 15
33 15 15 15 10 50 60 1.35 70 0.972 0.02 0.97 0.07 1053 41 65 16
34 15 15 15 10 60 40 1.35 70 0.974 0.01 0.97 0.07 1054 53 65 16
35 15 15 15 10 60 50 1.35 70 0.974 0.01 0.98 0.06 1056 45 64 13
36 15 15 15 10 60 60 1.35 70 0.974 0.01 0.97 0.07 1059 56 66 16
37 15 15 15 15 40 40 1.35 70 0.947 0.02 0.98 0.06 1038 61 63 16
38 15 15 15 15 40 50 1.35 70 0.951 0.03 0.98 0.06 1046 79 65 20
39 15 15 15 15 40 60 1.35 70 0.956 0.02 0.98 0.06 1045 45 65 18
40 15 15 15 15 50 40 1.35 70 0.957 0.02 0.98 0.07 1048 66 63 12
41 15 15 15 15 50 50 1.35 70 0.957 0.03 0.98 0.07 1047 62 64 16
42 15 15 15 15 50 60 1.35 70 0.957 0.02 0.97 0.07 1044 45 64 14
43 15 15 15 15 60 40 1.35 70 0.954 0.03 0.97 0.07 1041 49 65 19
44 15 15 15 15 60 50 1.35 70 0.951 0.02 0.98 0.06 1038 46 63 14
45 15 15 15 15 60 60 1.35 70 0.945 0.02 0.99 0.05 1035 60 62 12
46 15 15 15 20 40 40 1.35 70 0.919 0.04 0.99 0.05 1020 57 59 12
47 15 15 15 20 40 50 1.35 70 0.923 0.03 0.98 0.06 1026 58 60 16
48 15 15 15 20 40 60 1.35 70 0.917 0.04 0.98 0.06 1018 58 58 15
49 15 15 15 20 50 40 1.35 70 0.917 0.04 0.98 0.06 1018 59 59 14
50 15 15 15 20 50 50 1.35 70 0.912 0.04 0.99 0.05 1018 61 59 12
51 15 15 15 20 50 60 1.35 70 0.904 0.03 0.99 0.04 1011 51 58 11
52 15 15 15 20 60 40 1.35 70 0.916 0.02 0.99 0.03 1015 44 59 8
53 15 15 15 20 60 50 1.35 70 0.913 0.02 0.99 0.04 1015 48 59 12
54 15 15 15 20 60 60 1.35 70 0.906 0.02 1.00 0.03 1008 43 58 10
55 15 15 20 10 40 40 1.35 70 0.917 0.01 1.00 0.03 1014 53 60 9
56 15 15 20 10 40 50 1.35 70 0.921 0.02 0.99 0.03 1020 58 61 10
57 15 15 20 10 40 60 1.35 70 0.925 0.02 0.99 0.04 1020 60 61 14
58 15 15 20 10 50 40 1.35 70 0.916 0.03 1.00 0.03 1018 68 59 11
59 15 15 20 10 50 50 1.35 70 0.927 0.03 0.99 0.04 1024 52 60 11
60 15 15 20 10 50 60 1.35 70 0.932 0.03 0.99 0.04 1025 59 60 10
61 15 15 20 10 60 40 1.35 70 0.937 0.04 0.98 0.06 1032 62 62 17
62 15 15 20 10 60 50 1.35 70 0.944 0.03 0.98 0.06 1038 60 63 17
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Table A.5 Five Reactor Model, 6% Noise, Full Load Condition, Configuration 1 Full Factorial Results (Section 4.3) Cnt.
% % % % %fro %f Mean Sigma Sigm
Ru m m m m m 1 %from Equiv into Mean Sigma Mean Sigma Exit Exit Mean a
n # 1 2 3 4 to 3 2 to 3 1 1 Efficiency Efficiency Stability Stability Temp Temp NOx NOx
63 15 15 20 10 60 60 1.35 70 0.950 0.02 0.98 0.06 1040 59 64 17
64 15 15 20 15 40 40 1.35 70 0.907 0.02 1.00 0.03 1009 49 59 10
65 15 15 20 15 40 50 1.35 70 0.912 0.02 1.00 0.03 1014 42 59 10
66 15 15 20 15 40 60 1.35 70 0.916 0.02 0.99 0.04 1016 45 59 8
67 15 15 20 15 50 40 1.35 70 0.903 0.04 0.99 0.05 1011 67 57 10
68 15 15 20 15 50 50 1.35 70 0.911 0.04 0.99 0.04. 1010 59 58 14
69 15 15 20 15 50 60 1.35 70 0.915 0.05 0.98 0.07 1014 61 60 20
70 15 15 20 15 60 40 1.35 70 0.920 0.04 0.98 0.06 1024 61 61 18
71 15 15 20 15 60 50 1.35 70 0.919 0.05 0.98 0.07 1020 61 60 20
72 15 15 20 15 60 60 1.35 70 0.921 0.04 0.98 0.06 1021 59 60 16
73 15 15 20 20 40 40 1.35 70 0.881 0.04 0.99 0.05 997 55 56 12
74 15 15 20 20 40 50 1.35 70 0.882 0.04 0.98 0.06 997 58 56 10
75 15 15 20 20 40 60 1.35 70 0.879 0.05 0.97 0.07 994 62 55 10
76 15 15 20 20 50 40 1.35 70 0.861 0.05 0.95 0.09 979 61 53 10
77 15 15 20 20 50 50 1.35 70 0.862 0.05 0.95 0.09 981 64 54 16
78 15 15 20 20 50 60 1.35 70 0.864 0.05 0.95 0.09 983 65 54 11
79 15 15 20 20 60 40 1.35 70 0.879 0.04 0.97 0.07 993 57 55 10
80 15 15 20 20 60 50 1.35 70 0.879 0.04 0.98 0.06 992 55 56 15
81 15 15 20 20 60 60 1.35 70 0.881 0.03 0.99 0.04 991 46 55 8
Stability is the number of reactors with a flame (if there is a flame = 1 and no flame = 0) and Sigma is the standard deviation.
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Table A.6 Five Reactor Model, 6% Noise, Full Load Condition, Configuration 2 Full Factorial Results (Section 4.)
% % % % %fro %f Mean Sigma Sigm
Ru m m m m m 1 %from Equiv into Mean Sigma Mean Sigma Exit Exit Mean a
n # 1 2 3 4 to 3 2 to 3 1 1 Efficiency Efficiency Stability Stability Temp Temp NOx NOx
1 10 15 10 10 40 40 1.45 50 0.987 0.005 0.98 0.05 1048 42 93 25
2 10 15 10 10 40 50 1.45 50 0.986 0.006 0.97 0.07 1049 38 92 20
3 10 15 10 10 40 60 1.45 50 0.988 0.005 0.98 0.06 1047 38 91 20
4 10 15 10 10 50 40 1.45 50 0.987 0.006 0.98 0.06 1049 39 92 21
5 10 15 10 10 50 50 1.45 50 0.987 0.006 0.98 0.07 1051 41 95 22
6 10 15 10 10 50 60 1.45 50 0.987 0.005 0.98 0.06 1049 41 92 21
7 10 15 10 10 60 40 1.45 50 0.987 0.006 0.98 0.06 1052 45 94 23
8 10 15 10 10 60 50 1.45 50 0.987 0.006 0.98 0.06 1050 38 93 24
9 10 15 10 10 60 60 1.45 50 0.987 0.006 0.99 0.05 1049 48 93 24
10 10 15 10 15 40 40 1.45 50 0.983 0.006 0.97 0.07 1048 47 90 21
11 10 15 10 15 40 50 1.45 50 0.982 0.006 0.97 0.07 1051 42 89 21
12 10 15 10 15 40 60 1.45 50 0.981 0.006 0.97 0.07 1049 40 90 19
13 10 15 10 15 50 40 1.45 50 0.982 0.006 0.97 0.07 1048 41 88 21
14 10 15 10 15 50 50 1.45 50 0.982 0.006 0.98 0.06 1050 43 89 20
15 10 15 10 15 50 60 1.45 50 0.980 0.007 0.99 0.05 1047 42 88 22
16 10 15 10 15 60 40 1.45 50 0.982 0.006 0.98 0.06 1051 54 89 24
17 10 15 10 15 60 50 1.45 50 0.980 0.006 0.98 0.06 1045 41 91 22
18 10 15 10 15 60 60 1.45 50 0.974 0.011 0.99 0.05 1039 41 90 24
19 10 15 10 20 40 40 1.45 50 0.971 0.010 0.98 0.07 1044 47 86 20
20 10 15 10 20 40 50 1.45 50 0.966 0.013 0.98 0.07 1039 46 89 23
21 10 15 10 20 40 60 1.45 50 0.954 0.022 0.98 0.05 1031 49 85 20
22 10 15 10 20 50 40 1.45 50 0.968 0.010 0.98 0.06 1037 43 89 22
23 10 15 10 20 50 50 1.45 50 0.959 0.016 0.99 0.05 1033 47 86 19
24 10 15 10 20 50 60 1.45 50 0.941 0.020 0.99 0.03 1022 49 86 22
25 10 15 10 20 60 40 1.45 50 0.963 0.014 0.99 0.05 1034 48 88 21
26 10 15 10 20 60 50 1.45 50 0.951 0.016 0.99 0.05 1029 45 87 20
27 10 15 10 20 60 60 1.45 50 0.936 0.014 1.00 0.03 1015 46 85 18
28 10 15 15 10 40 40 1.45 50 0.974 0.010 0.98 0.05 1039 44 89 21
29 10 15 15 10 40 50 1.45 50 0.980 0.007 0.98 0.06 1043 43 91 24
30 10 15 15 10 40 60 1.45 50 0.982 0.007 0.98 0.06 1049 48 91 22
31 10 15 15 10 50 40 1.45 50 0.980 0.007 0.98 0.05 1048 40 89 23
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Table A.6 Five Reactor Model, 6% Noise, Full Load Condition, Configuration 2 Full Factorial Results (Section 4.3) Cnt.
% % % % %fro %f Mean Sigma Sigm
Ru m m m m m 1 %from Equiv into Mean Sigma Mean Sigma Exit Exit Mean a
n # 1 2 3 4 to 3 2 to 3 1 1 Efficiency Efficiency Stability Stability Temp Temp NOx NOx
32 10 15 15 10 50 50 1.45 50 0.982 0.006 0.98 0.06 1047 53 90 22
33 10 15 15 10 50 60 1.45 50 0.983 0.006 0.98 0.07 1049 40 89 22
34 10 15 15 10 60 40 1.45 50 0.981 0.006 0.98 0.07 1046 41 88 21
35 10 15 15 10 60 50 1.45 50 0.982 0.006 0.97 0.07 1052 40 90 21
36 10 15 15 10 60 60 1.45 50 0.983 0.006 0.97 0.07 1051 48 90 22
37 10 15 15 15 40 40 1.45 50 0.970 0.011 0.98 0.07 1041 56 88 22
38 10 15 15 15 40 50 1.45 50 0.974 0.008 0.97 0.07 1048 48 87 24
39 10 15 15 15 40 60 1.45 50 0.976 0.007 0.98 0.06 1048 43 87 18
40 10 15 15 15 50 40 1.45 50 0.974 0.009 0.97 0.07 1046 40 87 21
41 10 15 15 15 50 50 1.45 50 0.975 0.008 0.98 0.06 1047 44 87 19
42 10 15 15 15 50 60 1.45 50 0.975 0.008 0.98 0.06 1047 50 89 21
43 10 15 15 15 60 40 1.45 50 0.975 0.008 0.97 0.07 1043 46 88 20
44 10 15 15 15 60 50 1.45 50 0.974 0.009 0.97 0.07 1045 54 87 21
45 10 15 15 15 60 60 1.45 50 0.970 0.012 0.98 0.06 1042 45 87 21
46 10 15 15 20 40 40 1.45 50 0.957 0.015 0.97 0.07 1036 53 85 22
47 10 15 15 20 40 50 1.45 50 0.958 0.016 0.98 0.06 1039 60 86 19
48 10 15 15 20 40 60 1.45 50 0.947 0.024 0.99 0.05 1028 53 83 19
49 10 15 15 20 50 40 1.45 50 0.959 0.014 0.97 0.07 1036 47 86 21
50 10 15 15 20 50 50 1.45 50 0.952 0.018 0.98 0.06 1035 49 87 21
51 10 15 15 20 50 60 1.45 50 0.934 0.022 0.99 0.04 1019 52 83 19
52 10 15 15 20 60 40 1.45 50 0.956 0.014 0.98 0.06 1035 48 85 19
53 10 15 15 20 60 50 1.45 50 0.946 0.016 0.99 0.04 1026 45 85 17
54 10 15 15 20 60 60 1.45 50 0.930 0.015 0.99 0.04 1014 45 83 17
55 10 15 20 10 40 40 1.45 50 0.936 0.013 1.00 0.02 1018 59 85 19
56 10 15 20 10 40 50 1.45 50 0.951 0.015 0.99 0.04 1028 60 86 20
57 10 15 20 10 40 60 1.45 50 0.964 0.012 0.99 0.05 1041 64 88 23
58 10 15 20 10 50 40 1.45 50 0.941 0.022 1.00 0.03 1021 57 86 20
59 10 15 20 10 50 50 1.45 50 0.959 0.016 0.99 0.04 1036 56 88 19
60 10 15 20 10 50 60 1.45 50 0.968 0.011 0.98 0.06 1041 55 88 19
61 10 15 20 10 60 40 1.45 50 0.955 0.022 0.99 0.05 1034 60 86 20
62 10 15 20 10 60 50 1.45 50 0.966 0.015 0.98 0.07 1043 63 86 21
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Table A.6 Five Reactor Model, 6% Noise, Full Load Condition, Configuration 2 Full Factorial Results (Section 4.3) Cont.
% % % % %fro %f Mean Sigma Sigm
Ru m m m m m 1 %from Equiv into Mean Sigma Mean Sigma Exit Exit Mean a
n # 1 2 3 4 to 3 2 to 3 1 1 Efficiency Efficiency Stability Stability Temp Temp NOx NOx
63 10 15 20 10 60 60 1.45 50 0.971 0.010 0.98 0.07 1043 48 89 22
64 10 15 20 15 40 40 1.45 50 0.931 0.014 0.99 0.04 1014 44 84 16
65 10 15 20 15 40 50 1.45 50 0.946 0.015 0.99 0.04 1028 48 86 20
66 10 15 20 15 40 60 1.45 50 0.956 0.014 0.98 0.06 1036 62 85 18
67 10 15 20 15 50 40 1.45 50 0.934 0.023 0.99 0.04 1019 56 83 19
68 10 15 20 15 50 50 1.45 50 0.950 0.019 0.99 0.05 1028 54 85 22
69 10 15 20 15 50 60 1.45 50 0.958 0.015 0.97 0.07 1036 49 87 20
70 10 15 20 15 60 40 1.45 50 0.947 0.023 0.98 0.06 1030 56 86 22
71 10 15 20 15 60 50 1.45 50 0.958 0.016 0.98 0.06 1035 46 86 22
72 10 15 20 15 60 60 1.45 50 0.958 0.014 0.98 0.07 1036 48 86 21
73 10 15 20 20 40 40 1.45 50 0.920 0.019 0.99 0.04 1013 48 82 19
74 10 15 20 20 40 50 1.45 50 0.928 0.021 0.99 0.05 1017 52 84 23
75 10 15 20 20 40 60 1.45 50 0.929 0.028 0.99 0.05 1018 54 83 22
76 10 15 20 20 50 40 1.45 50 0.918 0.025 0.99 0.05 1010 53 81 21
77 10 15 20 20 50 50 1.45 50 0.926 0.028 0.98 0.06 1015 56 80 22
78 10 15 20 20 50 60 1.45 50 0.918 0.028 0.99 0.05 1010 58 81 21
79 10 15 20 20 60 40 1.45 50 0.927 0.029 0.99 0.05 1017 58 83 21
80 10 15 20 20 60 50 1.45 50 0.927 0.022 0.99 0.05 1015 49 82 20
81 10 15 20 20 60 60 1.45 50 0.918 0.018 0.99 0.04 1008 47 80 16
Stability is the number of reactors with a flame (if there is a flame = 1 and no flame = 0) and Sigma is the standard deviation.
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Table A.7 Five Reactor Model, 6% Noise, Full Load Condition, Configuration 3 Full Factorial Results (Section 4.3)
% % % % %fro %f Mean Sigma Sigm
Ru m m m m m 1 %from Equiv into Mean Sigma Mean Sigma Exit Exit Mean a
n # 1 2 3 4 to 3 2 to 3 1 1 Efficiency Efficiency Stability Stability Temp Temp NOx NOx
1 10 15 10 10 40 40 2.1 70 0.982 0.006 0.991 0.041 1058 48 5 9
2 10 15 10 10 40 50 2.1 70 0.982 0.006 0.990 0.044 1060 43 5 9
3 10 15 10 10 40 60 2.1 70 0.982 0.005 0.991 0.042 1056 42 5 8
4 10 15 10 10 50 40 2.1 70 0.983 0.007 0.984 0.054 1058 44 4 4
5 10 15 10 10 50 50 2.1 70 0.983 0.006 0.987 0.050 1061 45 4 8
6 10 15 10 10 50 60 2.1 70 0.983 0.006 0.988 0.048 1060 44 4 6
7 10 15 10 10 60 40 2.1 70 0.982 0.006 0.992 0.039 1059 42 5 5
8 10 15 10 10 60 50 2.1 70 0.982 0.006 0.988 0.047 1061 44 5 5
9 10 15 10 10 60 60 2.1 70 0.982 0.007 0.988 0.047 1057 44 5 5
10 10 15 10 15 40 40 2.1 70 0.976 0.012 0.984 0.055 1059 47 3 8
11 10 15 10 15 40 50 2.1 70 0.977 0.009 0.984 0.054 1060 49 3 5
12 10 15 10 15 40 60 2.1 70 0.976 0.017 0.981 0.058 1061 47 3 9
13 10 15 10 15 50 40 2.1 70 0.971 0.028 0.984 0.055 1055 54 3 5
14 10 15 10 15 50 50 2.1 70 0.970 0.033 0.986 0.050 1058 54 3 10
15 10 15 10 15 50 60 2.1 70 0.966 0.039 0.985 0.053 1053 60 3 7
16 10 15 10 15 60 40 2.1 70 0.947 0.054 0.992 0.038 1039 67 4 2
17 10 15 10 15 60 50 2.1 70 0.930 0.066 0.989 0.046 1027 78 4 2
18 10 15 10 15 60 60 2.1 70 0.914 0.070 0.996 0.028 1014 77 4 13
19 10 15 10 20 40 40 2.1 70 0.924 0.091 0.988 0.050 1029 90 2 2
20 10 15 10 20 40 50 2.1 70 0.917 0.090 0.991 0.041 1024 93 2 4
21 10 15 10 20 40 60 2.1 70 0.903 0.099 0.989 0.045 1015 98 3 13
22 10 15 10 20 50 40 2.1 70 0.852 0.087 0.994 0.034 972 92 2 1
23 10 15 10 20 50 50 2.1 70 0.841 0.083 0.995 0.031 966 89 2 1
24 10 15 10 20 50 60 2.1 70 0.827 0.079 0.998 0.022 962 87 2 1
25 10 15 10 20 60 40 2.1 70 0.834 0.039 0.998 0.022 959 56 4 2
26 10 15 10 20 60 50 2.1 70 0.830 0.031 0.998 0.022 956 52 4 2
27 10 15 10 20 60 60 2.1 70 0.827 0.023 0.999 0.013 952 46 4 2
28 10 15 15 10 40 40 2.1 70 0.921 0.067 0.994 0.033 1021 79 4 2
29 10 15 15 10 40 50 2.1 70 0.931 0.063 0.996 0.028 1023 77 4 10
30 10 15 15 10 40 60 2.1 70 0.942 0.056 0.990 0.043 1035 71 5 8
31 10 15 15 10 50 40 2.1 70 0.968 0.037 0.987 0.050 1053 57 3 9
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Table A.7 Five Reactor Model, 6% Noise, Full Load Condition, Configuration 3 Full Factorial Results (Section 4.3) Cont.
% % % % %fro %f Mean Sigma Sigm
Ru m m m m m 1 %from Equiv into Mean Sigma Mean Sigma Exit Exit Mean a
n # 1 2 3 4 to 3 2 to 3 1 1 Efficiency Efficiency Stability Stability Temp Temp NOx NOx
32 10 15 15 10 50 50 2.1 70 0.971 0.028 0.991 0.042 1055 52 4 13
33 10 15 15 10 50 60 2.1 70 0.972 0.029 0.986 0.050 1058 52 4 11
34 10 15 15 10 60 40 2.1 70 0.977 0.007 0.987 0.049 1057 47 2 1
35 10 15 15 10 60 50 2.1 70 0.976 0.009 0.983 0.056 1062 46 3 6
36 10 15 15 10 60 60 2.1 70 0.977 0.008 0.985 0.053 1063 45 2 1
37 10 15 15 15 40 40 2.1 70 0.909 0.070 0.989 0.046 1015 81 2 2
38 10 15 15 15 40 50 2.1 70 0.927 0.069 0.991 0.043 1029 81 2 1
39 10 15 15 15 40 60 2.1 70 0.940 0.057 0.988 0.047 1041 72 2 1
40 10 15 15 15 50 40 2.1 70 0.953 0.058 0.984 0.055 1049 69 2 2
41 10 15 15 15 50 50 2.1 70 0.955 0.055 0.985 0.054 1053 68 2 1
42 10 15 15 15 50 60 2.1 70 0.956 0.044 0.988 0.048 1047 62 2 1
43 10 15 15 15 60 40 2.1 70 0.938 0.059 0.984 0.054 1036 74 2 4
44 10 15 15 15 60 50 2.1 70 0.923 0.067 0.987 0.050 1027 77 2 1
45 10 15 15 15 60 60 2.1 70 0.907 0.071 0.993 0.037 1012 82 2 2
46 10 15 15 20 40 40 2.1 70 0.856 0.126 0.966 0.075 985 118 2 7
47 10 15 15 20 40 50 2.1 70 0.869 0.125 0.968 0.073 998 118 1 1
48 10 15 15 20 40 60 2.1 70 0.861 0.130 0.972 0.071 987 120 1 1
49 10 15 15 20 50 40 2.1 70 0.830 0.107 0.982 0.061 966 106 1 1
50 10 15 15 20 50 50 2.1 70 0.828 0.099 0.988 0.051 968 100 1 1
51 10 15 15 20 50 60 2.1 70 0.808 0.084 0.992 0.038 950 90 1 1
52 10 15 15 20 60 40 2.1 70 0.828 0.043 0.997 0.023 960 60 2 1
53 10 15 15 20 60 50 2.1 70 0.822 0.030 0.998 0.020 955 51 2 1
54 10 15 15 20 60 60 2.1 70 0.820 0.025 1.000 0.009 953 44 2 1
55 10 15 20 10 40 40 2.1 70 0.828 0.023 1.000 0.009 954 46 4 2
56 10 15 20 10 40 50 2.1 70 0.830 0.028 0.999 0.015 955 51 4 2
57 10 15 20 10 40 60 2.1 70 0.836 0.038 0.998 0.022 959 58 4 2
58 10 15 20 10 50 40 2.1 70 0.825 0.076 0.996 0.027 957 83 2 1
59 10 15 20 10 50 50 2.1 70 0.843 0.084 0.995 0.032 972 94 3 2
60 10 15 20 10 50 60 2.1 70 0.858 0.089 0.996 0.028 979 91 2 1
61 10 15 20 10 60 40 2.1 70 0.910 0.098 0.990 0.045 1020 100 2 7
62 10 15 20 10 60 50 2.1 70 0.912 0.097 0.987 0.051 1022 100 2 1
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Table A.7 Five Reactor Model, 6% Noise, Full Load Condition, Configuration 3 Full Factorial Results (Section 4.3) Cnt.
% % % % %fro %f Mean Sigma Sigm
Ru m m m m m 1 %from Equiv into Mean Sigma Mean Sigma Exit Exit Mean a
n # 1 2 3 4 to 3 2 to 3 1 1 Efficiency Efficiency Stability Stability Temp Temp NOx NOx
63 10 15 20 10 60 60 2.1 70 0.930 0.078 0.989 0.046 1032 83 2 9
64 10 15 20 15 40 40 2.1 70 0.818 0.022 0.999 0.015 950 47 2 1
65 10 15 20 15 40 50 2.1 70 0.821 0.028 0.999 0.015 956 48 2 1
66 10 15 20 15 40 60 2.1 70 0.825 0.038 0.998 0.018 956 55 2 1
67 10 15 20 15 50 40 2.1 70 0.810 0.086 0.990 0.045 951 90 1 1
68 10 15 20 15 50 50 2.1 70 0.817 0.102 0.986 0.054 953 102 1 1
69 10 15 20 15 50 60 2.1 70 0.840 0.114 0.982 0.061 973 110 1 1
70 10 15 20 15 60 40 2.1 70 0.864 0.126 0.969 0.073 990 116 1 2
71 10 15 20 15 60 50 2.1 70 0.867 0.126 0.967 0.077 994 118 1 1
72 10 15 20 15 60 60 2.1 70 0.860 0.120 0.973 0.069 987 112 1 1
73 10 15 20 20 40 40 2.1 70 0.768 0.092 0.970 0.075 923 88 1 1
74 10 15 20 20 40 50 2.1 70 0.767 0.093 0.966 0.076 924 89 1 1
75 10 15 20 20 40 60 2.1 70 0.757 0.114 0.950 0.089 918 106 1 1
76 10 15 20 20 50 40 2.1 70 0.682 0.136 0.893 0.102 863 124 1 2
77 10 15 20 20 50 50 2.1 70 0.694 0.147 0.900 0.102 873 135 1 1
78 10 15 20 20 50 60 2.1 70 0.694 0.142 0.899 0.102 874 131 1 1
79 10 15 20 20 60 40 2.1 70 0.751 0.111 0.949 0.088 913 105 1 1
80 10 15 20 20 60 50 2.1 70 0.755 0.099 0.959 0.082 914 93 1 2
81 10 15 20 20 60 60 2.1 70 0.768 0.082 0.971 0.070 920 80 1 1
Stability is the number of reactors with a flame (if there is a flame = 1 and no flame = 0) and Sigma is the standard deviation.
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Table A.8 Five Reactor Model, 6% Noise, No Load Condition, Confguration 1 Full Factorial Res lts (Section 4.3)
% % % % %fro %f Mean Sigma Sigm
Ru m m m m m 1 %from Equiv into Mean Sigma Mean Sigma Exit Exit Mean a
n # 1 2 3 4 to 3 2 to 3 1 1 Efficiency Efficiency Stability Stability Temp Temp NOx NOx
1 15 15 10 10 40 40 1.35 70 0.505 0.160 0.502 0.189 620 190 0.08 0.29
2 15 15 10 10 40 50 1.35 70 0.492 0.149 0.488 0.177 579 95 0.08 0.31
3 15 15 10 10 40 60 1.35 70 0.487 0.158 0.482 0.180 574 80 0.10 0.33
4 15 15 10 10 50 40 1.35 70 0.488 0.160 0.506 0.188 578 94 0.11 0.39
5 15 15 10 10 50 50 1.35 70 0.495 0.143 0.510 0.184 582 95 0.09 0.31
6 15 15 10 10 50 60 1.35 70 0.498 0.157 0.500 0.187 587 120 0.11 0.33
7 15 15 10 10 60 40 1.35 70 0.491 0.145 0.489 0.165 577 70 0.10 0.35
8 15 15 10 10 60 50 1.35 70 0.502 0.137 0.500 0.166 588 108 0.10 0.32
9 15 15 10 10 60 60 1.35 70 0.515 0.158 0.501 0.189 625 197 0.10 0.35
10 15 15 10 15 40 40 1.35 70 0.517 0.163 0.475 0.210 642 225 0.09 0.30
11 15 15 10 15 40 50 1.35 70 0.493 0.144 0.470 0.197 583 106 0.08 0.31
12 15 15 10 15 40 60 1.35 70 0.495 0.140 0.461 0.194 580 88 0.07 0.27
13 15 15 10 15 50 40 1.35 70 0.503 0.144 0.476 0.178 595 137 0.09 0.31
14 15 15 10 15 50 50 1.35 70 0.495 0.141 0.469 0.183 583 90 0.10 0.35
15 15 15 10 15 50 60 1.35 70 0.489 0.150 0.454 0.197 581 107 0.08 0.28
16 15 15 10 15 60 40 1.35 70 0.501 0.131 0.445 0.147 576 50 0.12 0.39
17 15 15 10 15 60 50 1.35 70 0.505 0.138 0.454 0.162 581 91 0.10 0.35
18 15 15 10 15 60 60 1.35 70 0.503 0.156 0.444 0.175 604 161 0.08 0.30
19 15 15 10 20 40 40 1.35 70 0.509 0.144 0.427 0.193 598 135 0.10 0.33
20 15 15 10 20 40 50 1.35 70 0.506 0.148 0.425 0.197 594 126 0.13 0.38
21 15 15 10 20 40 60 1.35 70 0.500 0.129 0.415 0.196 584 97 0.08 0.34
22 15 15 10 20 50 40 1.35 70 0.502 0.140 0.428 0.167 595 135 0.08 0.30
23 15 15 10 20 50 50 1.35 70 0.494 0.138 0.414 0.168 575 78 0.10 0.46
24 15 15 10 20 50 60 1.35 70 0.494 0.130 0.417 0.161 581 88 0.07 0.27
25 15 15 10 20 60 40 1.35 70 0.488 0.164 0.409 0.156 579 101 0.11 0.34
26 15 15 10 20 60 50 1.35 70 0.480 0.154 0.402 0.156 571 73 0.08 0.31
27 15 15 10 20 60 60 1.35 70 0.491 0.158 0.409 0.164 594 145 0.09 0.32
28 15 15 15 10 40 40 1.35 70 0.514 0.152 0.456 0.171 617 172 0.12 0.37
29 15 15 15 10 40 50 1.35 70 0.488 0.153 0.446 0.169 578 103 0.09 0.32
30 15 15 15 10 40 60 1.35 70 0.492 0.145 0.435 0.156 577 78 0.10 0.32
31 15 15 15 10 50 40 1.35 70 0.494 0.144 0.455 0.192 592 130 0.07 0.30
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Table A.8 Five Reactor Model, 6% Noise, No Load Condition, Configuration 1 Full Factorial Results (Section 4.3) Ccnt.
% % % % %fro %f Mean Sigma Sigm
Ru m m m m m 1 %from Equiv into Mean Sigma Mean Sigma Exit Exit Mean a
n # 1 2 3 4 to 3 2 to 3 1 1 Efficiency Efficiency Stability Stability Temp Temp NOx NOx
32 15 15 15 10 50 50 1.35 70 0.483 0.159 0.448 0.193 576 93 0.08 0.28
33 15 15 15 10 50 60 1.35 70 0.489 0.147 0.449 0.186 588 126 0.07 0.28
34 15 15 15 10 60 40 1.35 70 0.490 0.151 0.462 0.198 581 108 0.09 0.32
35 15 15 15 10 60 50 1.35 70 0.495 0.145 0.461 0.194 582 97 0.10 0.34
36 15 15 15 10 60 60 1.35 70 0.525 0.162 0.483 0.203 647 224 0.10 0.32
37 15 15 15 15 40 40 1.35 70 0.509 0.158 0.422 0.193 623 196 0.08 0.29
38 15 15 15 15 40 50 1.35 70 0.498 0.151 0.416 0.192 593 130 0.13 0.66
39 15 15 15 15 40 60 1.35 70 0.498 0.139 0.428 0.178 581 83 0.15 1.48
40 15 15 15 15 50 40 1.35 70 0.498 0.150 0.420 0.204 589 125 0.10 0.33
41 15 15 15 15 50 50 1.35 70 0.493 0.163 0.419 0.216 592 140 0.10 0.35
42 15 15 15 15 50 60 1.35 70 0.489 0.147 0.414 0.201 581 97 0.09 0.35
43 15 15 15 15 60 40 1.35 70 0.483 0.147 0.401 0.180 575 77 0.09 0.32
44 15 15 15 15 60 50 1.35 70 0.499 0.149 0.410 0.189 587 113 0.10 0.32
45 15 15 15 15 60 60 1.35 70 0.514 0.149 0.425 0.190 615 178 0.19 2.02
46 15 15 15 20 40 40 1.35 70 0.498 0.149 0.370 0.208 591 131 0.10 0.33
47 15 15 15 20 40 50 1.35 70 0.507 0.133 0.375 0.197 598 131 0.10 0.32
48 15 15 15 20 40 60 1.35 70 0.504 0.125 0.366 0.193 589 113 0.09 0.32
49 15 15 15 20 50 40 1.35 70 0.507 0.118 0.377 0.179 592 114 0.10 0.35
50 15 15 15 20 50 50 1.35 70 0.503 0.139 0.379 0.188 592 116 0.11 0.34
51 15 15 15 20 50 60 1.35 70 0.498 0.131 0.366 0.189 585 106 0.09 0.35
52 15 15 15 20 60 40 1.35 70 0.499 0.130 0.385 0.159 590 111 0.09 0.32
53 15 15 15 20 60 50 1.35 70 0.496 0.131 0.379 0.167 582 101 0.09 0.33
54 15 15 15 20 60 60 1.35 70 0.508 0.143 0.380 0.175 603 152 0.11 0.37
55 15 15 20 10 40 40 1.35 70 0.504 0.150 0.411 0.157 604 156 0.10 0.32
56 15 15 20 10 40 50 1.35 70 0.491 0.158 0.410 0.158 581 105 0.09 0.31
57 15 15 20 10 40 60 1.35 70 0.499 0.132 0.414 0.133 586 112 0.09 0.35
58 15 15 20 10 50 40 1.35 70 0.484 0.144 0.405 0.175 570 62 0.08 0.29
59 15 15 20 10 50 50 1.35 70 0.490 0.139 0.397 0.171 580 91 0.09 0.32
60 15 15 20 10 50 60 1.35 70 0.508 0.145 0.427 0.167 594 130 0.12 0.37
61 15 15 20 10 60 40 1.35 70 0.493 0.142 0.420 0.193 584 89 0.10 0.33
62 15 15 20 10 60 50 1.35 70 0.495 0.141 0.405 0.193 587 105 0.10 0.35
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aLU C- L V HUMUVI v I WAU1 witn a flame ki there is a ame = an no flame = 0) and Sigma is the standard deviation.
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Table A.8 Five Reactor Model, 6% Noise, No Load Condition, Configuration 1 Full Factorial Results Section 4.3) C nt.
% % % % %fro %f Mean Sigma Sigm
Ru m m m m m 1 %from Equiv into Mean Sigma Mean Sigma Exit Exit Mean a
n # 1 2 3 4 to 3 2 to 3 1 1 Efficiency Efficiency Stability Stability Temp Temp NOx NOx
63 15 15 20 10 60 60 1.35 70 0.488 0.148 0.410 0.195 579 98 0.07 0.27
64 15 15 20 15 40 40 1.35 70 0.503 0.149 0.380 0.177 604 155 0.10 0.32
65 15 15 20 15 40 50 1.35 70 0.484 0.148 0.359 0.172 582 107 0.08 0.31
66 15 15 20 15 40 60 1.35 70 0.496 0.135 0.375 0.161 588 115 0.09 0.32
67 15 15 20 15 50 40 1.35 70 0.493 0.141 0.373 0.197 589 125 0.08 0.28
68 15 15 20 15 50 50 1.35 70 0.486 0.151 0.364 0.196 579 103 0.09 0.36
69 15 15 20 15 50 60 1.35 70 0.493 0.137 0.366 0.182 590 124 0.07 0.29
70 15 15 20 15 60 40 1.35 70 0.499 0.125 0.362 0.192 580 82 0.09 0.32
71 15 15 20 15 60 50 1.35 70 0.493 0.148 0.360 0.198 585 114 0.10 0.36
72 15 15 20 15 60 60 1.35 70 0.510 0.135 0.382 0.199 590 110 0.11 0.35
73 15 15 20 20 40 40 1.35 70 0.492 0.139 0.332 0.180 580 85 0.10 0.33
74 15 15 20 20 40 50 1.35 70 0.498 0.146 0.329 0.179 595 138 0.10 0.33
75 15 15 20 20 40 60 1.35 70 0.502 0.129 0.327 0.166 593 125 0.09 0.30
76 15 15 20 20 50 40 1.35 70 0.498 0.136 0.318 0.185 585 107 0.10 0.36
77 15 15 20 20 50 50 1.35 70 0.509 0.142 0.327 0.192 592 119 0.14 0.52
78 15 15 20 20 50 60 1.35 70 0.489 0.156 0.309 0.189 594 142 0.09 0.33
79 15 15 20 20 60 40 1.35 70 0.497 0.129 0.328 0.169 584 99 0.09 0.33
80 15 15 20 20 60 50 1.35 70 0.503 0.128 0.320 0.166 592 125 0.08 0.29
81 15 15 20 20 60 60 1.35 70 0.504 0.133 0.320 0.175 597 134 0.10 0.33
Table A.9 Five Reactor Model, 6% Noise, No Load Condition, Configuration 2 Full Factorial Results (Section 4.3)
% % % % %fro %f Mean Sigma Sigm
Ru m m m m m 1 %from Equiv into Mean Sigma Mean Sigma Exit Exit Mean a
n # 1 2 3 4 to 3 2 to 3 1 1 Efficiency Efficiency Stability Stability Temp Temp NOx NOx
1 10 15 10 10 40 40 1.45 50 0.426 0.151 0.418 0.211 556 78 0.38 0.52
2 10 15 10 10 40 50 1.45 50 0.443 0.160 0.430 0.213 565 96 0.40 0.53
3 10 15 10 10 40 60 1.45 50 0.439 0.157 0.428 0.212 557 68 0.41 0.54
4 10 15 10 10 50 40 1.45 50 0.438 0.154 0.418 0.218 561 80 0.43 1.09
5 10 15 10 10 50 50 1.45 50 0.431 0.150 0.412 0.215 556 73 0.40 0.63
6 10 15 10 10 50 60 1.45 50 0.440 0.172 0.422 0.219 563 80 0.43 0.61
7 10 15 10 10 60 40 1.45 50 0.447 0.152 0.443 0.212 560 68 0.44 0.57
8 10 15 10 10 60 50 1.45 50 0.438 0.152 0.424 0.210 561 89 0.45 1.44
9 10 15 10 10 60 60 1.45 50 0.438 0.159 0.427 0.209 558 65 0.47 1.14
10 10 15 10 15 40 40 1.45 50 0.439 0.162 0.412 0.220 565 95 0.40 0.55
11 10 15 10 15 40 50 1.45 50 0.445 0.153 0.413 0.214 570 125 0.44 0.58
12 10 15 10 15 40 60 1.45 50 0.436 0.154 0.408 0.213 562 96 0.39 0.56
13 10 15 10 15 50 40 1.45 50 0.434 0.159 0.412 0.214 560 82 0.41 0.57
14 10 15 10 15 50 50 1.45 50 0.436 0.154 0.404 0.216 561 90 0.36 0.51
15 10 15 10 15 50 60 1.45 50 0.443 0.160 0.423 0.218 560 75 0.41 0.56
16 10 15 10 15 60 40 1.45 50 0.432 0.157 0.412 0.209 560 92 0.37 0.51
17 10 15 10 15 60 50 1.45 50 0.442 0.147 0.421 0.210 561 78 0.39 0.52
18 10 15 10 15 60 60 1.45 50 0.438 0.147 0.417 0.206 557 71 0.40 0.53
19 10 15 10 20 40 40 1.45 50 0.439 0.150 0.410 0.215 571 119 0.40 0.56
20 10 15 10 20 40 50 1.45 50 0.441 0.148 0.411 0.211 565 97 0.41 0.54
21 10 15 10 20 40 60 1.45 50 0.435 0.159 0.402 0.218 559 76 0.49 1.39
22 10 15 10 20 50 40 1.45 50 0.446 0.170 0.414 0.214 577 134 0.40 0.55
23 10 15 10 20 50 50 1.45 50 0.439 0.147 0.415 0.204 566 103 0.46 0.99
24 10 15 10 20 50 60 1.45 50 0.435 0.155 0.398 0.212 565 103 0.40 0.61
25 10 15 10 20 60 40 1.45 50 0.434 0.149 0.413 0.205 564 108 0.39 0.54
26 10 15 10 20 60 50 1.45 50 0.448 0.160 0.427 0.209 570 106 0.45 0.60
27 10 15 10 20 60 60 1.45 50 0.444 0.149 0.424 0.205 559 63 0.40 0.52
28 10 15 15 10 40 40 1.45 50 0.436 0.158 0.404 0.211 557 82 0.39 0.84
29 10 15 15 10 40 50 1.45 50 0.438 0.150 0.418 0.211 557 72 0.41 1.04
30 10 15 15 10 40 60 1.45 50 0.431 0.150 0.408 0.209 555 72 0.37 0.54
31 10 15 15 10 50 40 1.45 50 0.442 0.154 0.420 0.214 559 73 0.42 0.60
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Table A.9 Five Reactor Model, 6% Noise, No Load Conditio Configuration 2 Full Factorial Results (Section 4.3) Cont.
% % % % %fro %f Mean Sigma Sigm
Ru m m m m m 1 %from Equiv into Mean Sigma Mean Sigma Exit Exit Mean a
n # 1 2 3 4 to 3 2 to 3 1 1 Efficiency Efficiency Stability Stability Temp Temp NOx NOx
32 10 15 15 10 50 50 1.45 50 0.441 0.155 0.413 0.214 560 66 0.40 0.52
33 10 15 15 10 50 60 1.45 50 0.447 0.163 0.418 0.222 562 83 0.38 0.52
34 10 15 15 10 60 40 1.45 50 0.432 0.144 0.408 0.209 559 86 0.40 0.53
35 10 15 15 10 60 50 1.45 50 0.443 0.145 0.427 0.214 567 103 0.40 0.52
36 10 15 15 10 60 60 1.45 50 0.449 0.156 0.424 0.220 566 94 0.40 0.56
37 10 15 15 15 40 40 1.45 50 0.431 0.149 0.394 0.211 559 79 0.38 0.54
38 10 15 15 15 40 50 1.45 50 0.438 0.157 0.403 0.217 560 88 0.38 0.53
39 10 15 15 15 40 60 1.45 50 0.440 0.153 0.423 0.217 562 72 0.44 0.56
40 10 15 15 15 50 40 1.45 50 0.434 0.150 0.400 0.213 557 72 0.41 0.55
41 10 15 15 15 50 50 1.45 50 0.441 0.151 0.412 0.215 562 73 0.44 0.56
42 10 15 15 15 50 60 1.45 50 0.432 0.150 0.403 0.216 557 72 0.40 0.57
43 10 15 15 15 60 40 1.45 50 0.441 0.150 0.424 0.213 561 71 0.42 0.54
44 10 15 15 15 60 50 1.45 50 0.433 0.153 0.396 0.215 556 74 0.37 0.50
45 10 15 15 15 60 60 1.45 50 0.437 0.163 0.394 0.215 566 107 0.39 0.55
46 10 15 15 20 40 40 1.45 50 0.444 0.160 0.406 0.215 564 88 0.39 0.53
47 10 15 15 20 40 50 1.45 50 0.431 0.154 0.390 0.215 554 73 0.37 0.51
48 10 15 15 20 40 60 1.45 50 0.435 0.152 0.402 0.216 563 100 0.40 0.53
49 10 15 15 20 50 40 1.45 50 0.445 0.159 0.410 0.214 566 100 0.42 0.56
50 10 15 15 20 50 50 1.45 50 0.434 0.147 0.393 0.214 560 92 0.45 1.69
51 10 15 15 20 50 60 1.45 50 0.432 0.139 0.409 0.209 556 69 0.40 0.52
52 10 15 15 20 60 40 1.45 50 0.448 0.165 0.420 0.218 569 101 0.44 1.00
53 10 15 15 20 60 50 1.45 50 0.432 0.139 0.405 0.210 556 69 0.42 0.57
54 10 15 15 20 60 60 1.45 50 0.444 0.154 0.410 0.213 565 88 0.45 0.58
55 10 15 20 10 40 40 1.45 50 0.430 0.145 0.400 0.203 558 91 0.38 0.54
56 10 15 20 10 40 50 1.45 50 0.436 0.148 0.412 0.205 558 71 0.42 1.20
57 10 15 20 10 40 60 1.45 50 0.438 0.150 0.416 0.205 564 104 0.41 0.55
58 10 15 20 10 50 40 1.45 50 0.433 0.142 0.402 0.208 560 86 0.41 0.57
59 10 15 20 10 50 50 1.45 50 0.447 0.150 0.427 0.209 569 96 0.42 0.53
60 10 15 20 10 50 60 1.45 50 0.445 0.163 0.411 0.214 570 115 0.38 0.52
61 10 15 20 10 60 40 1.45 50 0.448 0.159 0.412 0.212 566 95 0.41 0.55
62 10 15 20 10 60 50 1.45 50 0.438 0.155 0.400 0.209 571 132 0.41 0.55
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Table A.9 Five Reactor Model, 6% Noise, No Load Condition, Configuration 2 Full Factorial Results Section 4.3) Ccnt.
% % % % %fro %f Mean Sigma Sigm
Ru m m m m m 1 %from Equiv into Mean Sigma Mean Sigma Exit Exit Mean a
n # 1 2 3 4 to 3 2 to 3 1 1 Efficiency Efficiency Stability Stability Temp Temp NOx NOx
63 10 15 20 10 60 60 1.45 50 0.441 0.157 0.406 0.215 562 93 0.38 0.52
64 10 15 20 15 40 40 1.45 50 0.445 0.155 0.419 0.217 563 81 0.40 0.52
65 10 15 20 15 40 50 1.45 50 0.424 0.150 0.388 0.212 556 86 0.35 0.52
66 10 15 20 15 40 60 1.45 50 0.443 0.158 0.408 0.208 571 121 0.38 0.51
67 10 15 20 15 50 40 1.45 50 0.441 0.153 0.409 0.213 561 82 0.42 0.55
68 10 15 20 15 50 50 1.45 50 0.437 0.137 0.401 0.208 565 101 0.47 1.06
69 10 15 20 15 50 60 1.45 50 0.449 0.160 0.416 0.221 566 94 0.43 0.58
70 10 15 20 15 60 40 1.45 50 0.434 0.146 0.397 0.211 559 73 0.41 0.55
71 10 15 20 15 60 50 1.45 50 0.442 0.160 0.407 0.219 567 104 0.40 0.52
72 10 15 20 15 60 60 1.45 50 0.451 0.160 0.420 0.216 576 125 0.41 0.52
73 10 15 20 20 40 40 1.45 50 0.431 0.157 0.383 0.214 562 104 0.37 0.54
74 10 15 20 20 40 50 1.45 50 0.440 0.151 0.403 0.210 565 105 0.43 0.76
75 10 15 20 20 40 60 1.45 50 0.436 0.157 0.390 0.213 561 97 0.36 0.51
76 10 15 20 20 50 40 1.45 50 0.439 0.154 0.401 0.215 564 92 0.38 0.51
77 10 15 20 20 50 50 1.45 50 0.440 0.156 0.397 0.216 566 116 0.43 1.05
78 10 15 20 20 50 60 1.45 50 0.449 0.168 0.410 0.221 571 106 0.39 0.51
79 10 15 20 20 60 40 1.45 50 0.432 0.147 0.396 0.211 564 103 0.40 0.52
80 10 15 20 20 60 50 1.45 50 0.450 0.161 0.416 0.217 569 102 0.43 0.55
81 10 15 20 20 60 60 1.45 50 0.444 0.158 0.398 0.214 569 117 0.40 0.56
Stability is the number of reactors with a flame (if there is a flame = 1 and no flame = 0) and Sigma is the standard deviation.
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Table A.10 Five Reactor Model, 6% Noise, No Load Condition, Con iguration 3 Full Factorial Results (Section .3)
% % % % %fro %f Mean Sigma Mean Sigma Sigm
Ru m m m m m 1 %from Equiv into Mean Sigma Stabilit Stabilit Exit Exit Mean a
n # 1 2 3 4 to 3 2 to 3 1 1 Efficiency Efficiency y y Temp Temp NOx NOx
1 10 15 10 10 40 40 2.1 70 0.719 0.044 0.600 0.000 630 33 11.7 4.9
2 10 15 10 10 40 50 2.1 70 0.724 0.045 0.600 0.000 632 30 11.8 5.3
3 10 15 10 10 40 60 2.1 70 0.722 0.042 0.600 0.000 631 30 11.7 5.0
4 10 15 10 10 50 40 2.1 70 0.715 0.044 0.600 0.000 630 33 11.6 5.0
5 10 15 10 10 50 50 2.1 70 0.719 0.042 0.600 0.009 632 31 11.6 4.7
6 10 15 10 10 50 60 2.1 70 0.718 0.042 0.600 0.000 631 32 11.8 4.8
7 10 15 10 10 60 40 2.1 70 0.721 0.040 0.600 0.000 633 30 12.1 5.3
8 10 15 10 10 60 50 2.1 70 0.719 0.044 0.600 0.000 632 31 11.7 4.8
9 10 15 10 10 60 60 2.1 70 0.722 0.044 0.600 0.000 631 31 12.0 5.0
10 10 15 10 15 40 40 2.1 70 0.714 0.040 0.600 0.000 630 31 11.4 4.8
11 10 15 10 15 40 50 2.1 70 0.716 0.042 0.600 0.000 628 30 11.5 4.8
12 10 15 10 15 40 60 2.1 70 0.715 0.042 0.600 0.000 631 30 11.3 4.8
13 10 15 10 15 50 40 2.1 70 0.716 0.041 0.600 0.000 629 30 11.8 4.7
14 10 15 10 15 50 50 2.1 70 0.717 0.043 0.600 0.000 632 29 12.0 5.0
15 10 15 10 15 50 60 2.1 70 0.717 0.042 0.600 0.000 631 32 11.9 5.3
16 10 15 10 15 60 40 2.1 70 0.724 0.043 0.600 0.000 633 31 12.4 5.4
17 10 15 10 15 60 50 2.1 70 0.720 0.045 0.600 0.000 630 31 11.7 5.1
18 10 15 10 15 60 60 2.1 70 0.719 0.040 0.600 0.000 631 30 11.4 4.8
19 10 15 10 20 40 40 2.1 70 0.716 0.042 0.600 0.000 631 30 11.5 4.8
20 10 15 10 20 40 50 2.1 70 0.714 0.045 0.600 0.009 633 62 11.6 5.0
21 10 15 10 20 40 60 2.1 70 0.713 0.040 0.600 0.000 629 30 11.5 4.8
22 10 15 10 20 50 40 2.1 70 0.715 0.045 0.600 0.000 629 30 11.7 5.0
23 10 15 10 20 50 50 2.1 70 0.711 0.041 0.600 0.000 627 29 11.0 4.4
24 10 15 10 20 50 60 2.1 70 0.711 0.042 0.600 0.000 630 30 11.4 5.0
25 10 15 10 20 60 40 2.1 70 0.719 0.043 0.600 0.000 629 32 11.8 5.1
26 10 15 10 20 60 50 2.1 70 0.717 0.043 0.600 0.000 632 30 11.7 5.1
27 10 15 10 20 60 60 2.1 70 0.717 0.042 0.600 0.000 631 31 11.3 4.7
28 10 15 15 10 40 40 2.1 70 0.716 0.042 0.600 0.000 628 31 11.6 5.0
29 10 15 15 10 40 50 2.1 70 0.716 0.040 0.600 0.000 630 30 11.6 5.0
30 10 15 15 10 40 60 2.1 70 0.720 0.043 0.600 0.000 631 31 11.6 5.0
31 10 15 15 10 50 40 2.1 70 0.718 0.042 0.600 0.000 631 29 11.7 4.7
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Table A.10 Five Reactor Model, 6% Noise, No Load Condition, Configuration 3 Full Factorial Results (Section 4.3) Cont.
% % % % %fro %f Mean Sigma Mean Sigma Sigm
Ru m m m m m 1 %from Equiv into Mean Sigma Stabilit Stabilit Exit Exit Mean a
n # 1 2 3 4 to 3 2 to 3 1 1 Efficiency Efficiency y y Temp Temp NOx NOx
32 10 15 15 10 50 50 2.1 70 0.718 0.040 0.600 0.009 630 29 11.7 4.8
33 10 15 15 10 50 60 2.1 70 0.716 0.042 0.600 0.000 631 31 12.0 5.1
34 10 15 15 10 60 40 2.1 70 0.715 0.042 0.600 0.000 627 31 11.7 4.7
35 10 15 15 10 60 50 2.1 70 0.717 0.044 0.600 0.000 633 30 11.7 4.9
36 10 15 15 10 60 60 2.1 70 0.718 0.041 0.600 0.000 633 30 11.8 4.8
37 10 15 15 15 40 40 2.1 70 0.711 0.041 0.600 0.000 629 31 11.3 4.6
38 10 15 15 15 40 50 2.1 70 0.715 0.043 0.601 0.013 631 31 12.0 5.3
39 10 15 15 15 40 60 2.1 70 0.713 0.041 0.600 0.000 633 30 11.7 5.1
40 10 15 15 15 50 40 2.1 70 0.713 0.041 0.600 0.000 630 30 11.6 5.2
41 10 15 15 15 50 50 2.1 70 0.714 0.043 0.600 0.000 629 30 11.8 5.4
42 10 15 15 15 50 60 2.1 70 0.711 0.042 0.600 0.000 630 30 11.4 4.8
43 10 15 15 15 60 40 2.1 70 0.711 0.042 0.600 0.000 629 30 11.7 4.9
44 10 15 15 15 60 50 2.1 70 0.714 0.043 0.600 0.000 630 30 11.5 5.1
45 10 15 15 15 60 60 2.1 70 0.715 0.041 0.600 0.000 630 31 11.8 5.1
46 10 15 15 20 40 40 2.1 70 0.710 0.042 0.600 0.000 628 30 11.5 5.0
47 10 15 15 20 40 50 2.1 70 0.710 0.040 0.600 0.000 631 30 12.0 5.0
48 10 15 15 20 40 60 2.1 70 0.712 0.040 0.600 0.000 629 30 11.7 4.9
49 10 15 15 20 50 40 2.1 70 0.713 0.040 0.600 0.000 631 31 12.2 5.3
50 10 15 15 20 50 50 2.1 70 0.710 0.042 0.600 0.000 632 29 11.6 4.7
51 10 15 15 20 50 60 2.1 70 0.714 0.042 0.600 0.000 630 31 11.9 5.1
52 10 15 15 20 60 40 2.1 70 0.711 0.040 0.600 0.000 630 31 11.4 4.7
53 10 15 15 20 60 50 2.1 70 0.710 0.041 0.600 0.000 628 30 11.8 5.0
54 10 15 15 20 60 60 2.1 70 0.712 0.043 0.600 0.000 630 29 12.0 5.1
55 10 15 20 10 40 40 2.1 70 0.714 0.042 0.600 0.000 630 30 11.8 5.0
56 10 15 20 10 40 50 2.1 70 0.717 0.044 0.600 0.009 633 63 11.4 4.8
57 10 15 20 10 40 60 2.1 70 0.719 0.042 0.600 0.000 631 31 11.7 4.9
58 10 15 20 10 50 40 2.1 70 0.710 0.042 0.600 0.000 628 30 11.8 4.9
59 10 15 20 10 50 50 2.1 70 0.714 0.043 0.600 0.000 631 32 11.7 4.9
60 10 15 20 10 50 60 2.1 70 0.716 0.042 0.600 0.000 629 31 12.1 5.2
61 10 15 20 10 60 40 2.1 70 0.715 0.042 0.600 0.000 631 31 11.8 4.9
62 10 15 20 10 60 50 2.1 70 0.715 0.041 0.600 0.000 632 32 12.2 5.2
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Table A.10 Five Reactor Model, 6% Noise, No Load Condition, Configuration 3 Full Factorial Results (Section 4.3) Cont.
% % % % %fro %f Mean Sigma Mean Sigma Sigm
Ru m m m m m 1 %from Equiv into Mean Sigma Stabilit Stabilit Exit Exit Mean a
n # 1 2 3 4 to 3 2 to 3 1 1 Efficiency Efficiency y y Temp Temp NOx NOx
63 10 15 20 10 60 60 2.1 70 0.714 0.039 0.600 0.000 629 28 11.3 4.6
64 10 15 20 15 40 40 2.1 70 0.709 0.042 0.600 0.000 629 30 11.4 4.9
65 10 15 20 15 40 50 2.1 70 0.710 0.043 0.600 0.000 630 30 11.6 4.8
66 10 15 20 15 40 60 2.1 70 0.711 0.044 0.600 0.000 629 30 11.6 4.8
67 10 15 20 15 50 40 2.1 70 0.708 0.044 0.600 0.000 628 31 11.4 4.9
68 10 15 20 15 50 50 2.1 70 0.709 0.044 0.600 0.000 626 30 11.3 5.0
69 10 15 20 15 50 60 2.1 70 0.709 0.043 0.600 0.000 630 31 11.4 4.8
70 10 15 20 15 60 40 2.1 70 0.708 0.042 0.600 0.000 629 30 12.0 4.8
71 10 15 20 15 60 50 2.1 70 0.711 0.042 0.600 0.000 630 31 11.7 5.1
72 10 15 20 15 60 60 2.1 70 0.712 0.041 0.600 0.000 628 30 11.5 5.3
73 10 15 20 20 40 40 2.1 70 0.707 0.043 0.600 0.000 630 29 11.9 5.1
74 10 15 20 20 40 50 2.1 70 0.708 0.040 0.600 0.000 629 30 11.6 4.9
75 10 15 20 20 40 60 2.1 70 0.710 0.044 0.600 0.000 630 29 11.6 4.8
76 10 15 20 20 50 40 2.1 70 0.709 0.042 0.600 0.000 629 29 11.7 5.0
77 10 15 20 20 50 50 2.1 70 0.715 0.042 0.600 0.000 628 31 12.1 5.4
78 10 15 20 20 50 60 2.1 70 0.711 0.044 0.600 0.000 631 31 11.8 5.3
79 10 15 20 20 60 40 2.1 70 0.709 0.042 0.600 0.000 629 31 11.4 5.1
80 10 15 20 20 60 50 2.1 70 0.710 0.041 0.600 0.000 629 29 11.4 4.6
81 10 15 20 20 60 60 2.1 70 0.712 0.043 0.600 0.000 629 29 11.8 4.7
Stability is the number or reactors witn a lame if there is a fame = I and no f 0) and Sigma is the standard deviation.
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Table A.11 Three Reactor Model, 6% Noise, Full Load Condition (.27), Taguchi L18 Array Results, NOx
Total Mass NOx Stan.
Run # Pres Temp Volume Flow %flow 1 %flow 2 Mean NOx Dev. NOx S/N ratio
1 3.5 350 2000 1000 20 20 76.3 5.2 23.3
2 3.5 350 2200 1250 30 30 53.4 15.7 10.6
3 3.5 350 2400 1500 40 40 6.9 7.8 -1.0
4 3.5 425 2000 1000 30 30 68.7 18.9 11.2
5 3.5 425 2200 1250 40 40 9.7 4.4 7.0
6 3.5 425 2400 1500 20 20 88.4 13.9 16.0
7 3.5 500 2000 1250 20 40 92.5 12.4 17.5
8 3.5 500 2200 1500 30 20 75.9 22.1 10.7
9 3.5 500 2400 1000 40 30 14.6 7.7 5.5
10 4.5 350 2000 1500 40 30 6.7 4.6 3.3
11 4.5 350 2200 1000 20 40 48.7 13.0 11.5
12 4.5 350 2400 1250 30 20 66.7 20.2 10.4
13 4.5 425 2000 1250 40 20 10.0 4.8 6.4
14 4.5 425 2200 1500 20 30 78.9 7.3 20.6
15 4.5 425 2400 1000 30 40 93.6 26.9 10.8
16 4.5 500 2000 1500 30 40 88.3 23.8 11.4
17 4.5 500 2200 1000 40 20 16.2 7.5 6.7
18 4.5 500 2400 1250 20 30 87.7 5.7 23.7
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Table A.12 Three Reactor Model, 6% Noise, Full Load Condition (.27 , Taguchi L18 Array Results, Efficiency
Total Mass Mean Efficiency
Run # Pres Temp Volume Flow %flow 1 %flow 2 Efficiency Stan. Dev. Efficiency S/N ratio
1 3.5 350 2000 1000 20 20 0.997 0.000 71.2
2 3.5 350 2200 1250 30 30 0.995 0.002 55.5
3 3.5 350 2400 1500 40 40 0.990 0.004 47.5
4 3.5 425 2000 1000 30 30 0.996 0.000 67.2
5 3.5 425 2200 1250 40 40 0.993 0.003 51.7
6 3.5 425 2400 1500 20 20 0.997 0.000 67.1
7 3.5 500 2000 1250 20 40 0.988 0.003 51.3
8 3.5 500 2200 1500 30 20 0.997 0.002 54.3
9 3.5 500 2400 1000 40 30 0.997 0.001 65.5
10 4.5 350 2000 1500 40 30 0.994 0.002 54.1
11 4.5 350 2200 1000 20 40 0.941 0.011 38.6
12 4.5 350 2400 1250 30 20 0.999 0.000 76.4
13 4.5 425 2000 1250 40 20 0.998 0.001 65.2
14 4.5 425 2200 1500 20 30 0.995 0.001 59.8
15 4.5 425 2400 1000 30 40 0.996 0.001 63.4
16 4.5 500 2000 1500 30 40 0.994 0.001 61.7
17 4.5 500 2200 1000 40 20 0.999 0.000 72.6
18 4.5 500 2400 1250 20 30 0.997 0.000 68.7
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Table A.13 Four Reactor Model, 6% Noise, Full Load Condition, OAT optimization Variable Levels (Section 5.3)
LI L2 L3
%Vol 1 10 15 20
%m1 10 15 20
%f into 1 30 50 70
%m2 10 15 20
%Vol 2 10 15 20
Table A.14 Four Reactor Model, 6% Noise, Full Load Condition, OAT optimization Results (Section 5.3)
Mean-
Variable Mean Mean Sigma Sigma Sigma Mean+Sigma
Variable Value Efficiency NOX Efficiency NOX Efficiency NOX
%Vol 1 10 0.964 59.9 0.030 10.7 0.934 70.603
%m 1 10 0.969 1.7 0.032 0.9 0.937 2.640
%f into 1 70 0.969 1.7 0.032 0.9 0.937 2.640
%m 2 15 0.970 1.7 0.023 0.9 0.948 2.587
%Vol 2 20 0.969 1.7 0.035 0.8 0.934 2.496
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Four Reactor One-At-a-Time (OAT) Deterministic Study
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Figure A.1 Four Reactor Model OAT Deterministic Optimization Efficiency Trends (Section 6.2)
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Figure A.2 Four Reactor Model OAT Deterministic Optimization NOx Trends (Section 6.2)
140
x0Z
100
90
80
70
60
50
40
30
20
10
0
Four Reactor One-At-a-Time (OAT) Probabilistic Study
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Figure A.3 Four Reactor Model OAT Probabilistic Optimization Efficiency Trends (Section 6.2)
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Four Reactor One-At-a-Time (OAT) Probabilistic Study
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Figure A.4 Four Reactor Model OAT Probabilistic Optimization NOx Trends (Section 6.2)
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Table A.15 Four Reactor Model, OAT Optimization Deciding Variable (Section 6.2)
Variable
# Oat1 Oat2 Oat3 Oat4 Oat5 Oat6
1 Stab Stab Stab Stab NOx NOx
2 NOx NOx NOx NOx Stab Stab
3 NOx Stab Stab NOx NOx Stab
4 Stab Stab NOx Stab Stab NOx
5 NOx NOx No effect No effect Stab Stab
6 No effect No effect Stab Stab No effect No effect
7 No effect No effect No effect No effect No effect No effect
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